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Abstract 
Molecular modelling and crystallographic techniques have been applied to the study of 
organic molecules used as friction modifiers and metal salt transport reagents. 
The accuracy of several empirical force fields has been evaluated by calculating low 
energy conformations of 3-(4-methylbenzoyl) propionic acid and tri acetyl glycerol. 
These were compared with the crystal structures of related molecules obtained from 
the Cambridge Structural Database, which contained either the 4-keto-carboxylate 
moiety or were tri esters of glycerol. Further validation has been carried out by 
comparing the force field predicted low energy conformations of propionic acid and 
ethylene glycol with the results of ab intio calculations either obtained from the 
literature or performed in house. 
Liquid phase molecular dynamics calculations have been carried out under conditions 
of constant volume and temperature and of constant temperature and pressure in order 
to investigate structure - activity relationships in films of physisorbed friction 
modifiers based on fatty esters of glycerol. We are able to make proposals about how 
the varying efficacy of mono, di and tri esters of glycerol arises from their structure. 
The crystal structures of novel complexes of model extractants for salts of base metals 
have been determined and analysed. These complexes fall into one of four classes: 
Complexes containing salicylaldoxime ligands. 
Complexes based on hexadentate tris-salicylaldimine ligands. 
complexes based on bipodal hexadentate salicylaldimine ligands 
Complexes based on coordination of two tridentate salicyldimine ligands. 
For classes 3) and 4) we have investigated the possibility of isomerism using the 
results of our structure determination and structures obtained from the Cambridge 
Structural Database. We have also investigated the possibility of a combined 
molecular dynamics/mechanics approach to assess the efficiency of phase transfer for 
this type of complex. 
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Chapter 1: Engine oil and engine oil additives. 
Engine oil and engine oil additives 
This thesis is concerned with the design of molecules which either modify the 
properties of metal surfaces (chapters 1-3) or extract metals from process streams 
(chapters .4-5). The aim was to analyse the modes of binding and packing of such 
organic ligands using a range of computational techniques and database mining to 
investigate structure/activity relationships and thus guide the development of more 
effective systems. The work on surface engineering has been carried out in 
collaboration with Infmeum UK Ltd. and chapter 1-3 are concerned with the 
development of greener and more efficient engine oils and engine oil additives. 
The use of lubricants in engines and bearings is a long established practice dating 
back to 1400 BC when tallow was applied to chariot axles.' In the context of engines 
and machinery engineers have been interested in reducing the power lost due to 
friction in bearings since the late nineteenth century. 2 In bearings the oil has 
principally two functions: firstly that it should lubricate the contacting surfaces and 
secondly it should disperse heat generated by friction between them. 
A modern engine oil has a number of other functions and a variety of chemicals are 
added to it to enable it to perform them. 
The main constituent of engine oil (approximately 75%) is the base lubricant. In more 
expensive brands a synthetic hydrocarbon is used, in cheaper brands a mineral oil 
which is a mix of different hydrocarbons is utilised instead. A further 10% consists of 
viscosity modifying polymers. The purpose of these is to provide a uniformity of 
viscosity across the operating temperature range of the engine typically -20 °C to 
280 °C. This is achieved by the use of polymers that will coil up at low temperatures 
and unravel at higher temperatures. 3 
The remaining 15%, the "additive package", is of greatest relevance to this thesis. 
These additives are included to provide specific properties such as protecting the 
engine from corrosion or mechanical wear and keeping insoluble particles in solution. 
Chemically these additives consist of alkyl chains attached to a functional head group. 
A summary of additive types and their roles is provided in Table 1.1. 
2. 
Engine oil and engine oil additives 
There are a variety of different additive types and in general their mode of action is 
poorly understood, with the composition of the additive package being determined by 
experience and formulation rather than a rational design. For example zinc 
dialkydithiophosphates (or ZDDP5) are added  as antiwear agents as they form a 
protective sacrificial layer over metal surfaces and these are particularly important 
where metal components contact directly with each other. Other roles performed by 
the additive package include keeping solid soot particles produced by incomplete 
combustion of hydrocarbons in solution and the neutralisation of the acids produced 
by combustion of sulfur-containing species. Detergent molecules are used for the 
former with compounds called "overbased detergents" for the latter. These are 
particles of metal hydroxyl/carbonates dispersed in solution by detergent-like 
molecules. Esters of fatty acids such as oleic or stearic acid are added as friction 
modifiers. They are believed to form a layer over metal surfaces. 5 Often fatty esters 
are employed in preference to fatty acids because they are less corrosive towards steel 
components and do not interfere with other surface actives such as the ZDDP anti 
seizure agents or with the sulfonate detergents which are necessary to stabilise the 
overbased detergents. 6 The nature of the adsorped layer and its dependence on the 
structure of the fatty esters is the subject of chapter J. 
Additive Chemicals Function in the engine 
Antiwear Zinc dialkyldithiophosphates Prevent wear of all loaded surfaces in 
the engine - bearings, cam, tappets, 
piston rings and liners. 
Detergent Colloidally dispersed metal Neutralise the acidic products of oil 
carbonates, supported by metal salts oxidation and acidic gases from the 
of oil-soluble aryl sulfonates, combustion zone. Prevent build up of 
salicylates and phenates. deposits, particularly in the piston 
area. 
Dispersant Condensation products of polythene- Keeps debris well dispersed in the oil 
polyamine with polyalkenyl to prevent deposits, particuarly in the 
carboxyl derivatives piston area. 
Antioxidant Hindered phenols, alkylated Prevent oxidative degradation of the 
diphenylamines and oil soluble oil initiated by free radicals and 
copper salts nitrogen oxides from the combustion 
zone. 
Friction Modifier Fatty acid esters and amides; Reduce friction in engine contacts 
molybdenum dithiocarbamates where the surfaces approach each 
other or touch (boundary lubrication) 
Viscosity Index High molecular weight olefin Ensure that the lubricant provides an 
Improver copolymers; typically effective liquid film between moving 
ethenelpropene; styrene/butadiene; parts over a wide temperature range. 
polymethacrylates I_________________________________ 
Table 1.1 - Typical engine oil additives, chemical nature and purposes. 
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New additives must meet stringent requirements including environmental tests. 3 In 
particular sulfur compounds will generate sulfur dioxide and both phosphorus and 
sulfur may poison the catalyst in car exhausts. Ideally, and perhaps unrealistically, 
the additive package would contain only carbon, hydrogen and oxygen containing 
compounds. 
Another challenge facing the motor industry is that increasingly other materials 
besides steel are being used for engine components. 5 Ceramic components for 
example allow operation of the engine at much higher temperatures. Aluminium 
allows construction of a lighter engine, and diamond-like carbon is being used as a 
coating because of its hardness. Additive packages must be designed so that these 
materials will also be protected and lubricated. It is probable that molecules that bind 
to steel or iron surfaces via sulfur containing functionalities may perform poorly on 
aluminium. 
Other targets are to achieve more efficient use of fuel in vehicles and a longer life 
span for the oil in the engine. 7 The performance and formulation of the additive 
package are important in achieving this. 8 
The mode of action of organic friction modifiers is complicated and depends on the 
stability of a film of adsorped molecules. 9J0,11,12,13 The interactions that define the 
stability of this film are discussed in chapter 3. As it is very difficult to study 
chemical structures at interfaces and to measure directly the interactions made by the 
fatty ester friction modifiers force field based calculations have been employed to 
investigate the behaviour of these molecules and to interpret their ability to reduce 
friction. 
Broadly speaking computational chemical methods fall into two classes: 
Quantum mechanical methods such as ab initio and density functional theory 
calculations 
Empirical methods 
Quantum mechanical calculations are best applied when the system can be reduced to 
a few degrees of freedom, either by considering an isolated molecule in a vacuum or 
in crystals. Between these two extremes of the system is a liquid and is extremely 
4 
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complicated. In this case the quantum mechanical approach is impractical and one 
has to rely on a force field based approach to represent the state of the system. 14 A 
force field is an empirical reproduction of a molecular system where atoms are treated 
as point masses with simple mathematical expressions describing the various bonded 
and non-bonded interactions between them. 15 ' 16 
A multitude of different force fields are available. They can be classified in a number 
of different ways, for instance by the type of molecule that is to be modelled. At one 
extreme there are force fields such as the universal force field (UFF) which have been 
designed" to be as broadly applicable as possible, whilst there are those such as 
AMBER or CI-IARMM which are intended' 8" 9 specifically for modelling large 
organic molecules such as proteins and nucleic acids. In our work we make use of the 
polymer consistent force field (hereafter referred to as PCFF) a member of the 
consistent force field family 
20,21,22,23,24,25 and a precursor to the COMPASS force 
field. 26  These force fields were originally developed for condensed phase simulations 
of organic polymers and are described in more detail in chapter 3. 
Force fields may differ in the environment in which the system of interest is to be 
modelled, for example the gas phase, aqueous solution or organic solvent. They may 
be intended for different temperatures and use different functional forms to describe 
the different interactions present in the system. Force fields may be parameteriseci 
using either experimental data or the results of ab initio calculations or a combination 
of both. PCFF was parameterised using the results of ab initio calculations. It is 
easier to obtain the first and second derivatives of the potential energy surface and so 
derive the equilibrium values and force constants than from experimental data. 
20 
The force field based approach imposes fundamental limitations on the system: 
low temperature atomic motion is not adequately described, 
the atomic motion of hydrogen atoms is not be adequately described even at 
elevated temperatures, 
and most fundamentally that the model system is unable to reproduce 
processes involving electronic transitions and bond breaking/formation. 
The two concerns in molecular modelling are that: 
5 
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the force field employed can model the system with a sufficient degree of 
accuracy, 14 '27 '28 and 
the configurations accessible to the system have been sampled thoroughly enough 
to ensure that the system is not trapped in a local minimum. 27,28 
In Chapter 2 and 3 the accuracy of different force fields is evaluated by comparing 
predicted low energy conformations with those observed in the crystal structures of 
chemically related molecules and by comparing energy profiles calculated using 
molecular mechanics with those calculated using ab initio methods. 29 
The simplest way to find a low energy configuration is to use a minimisation 
algorithm, although where a system has several minima it is prone to "getting stuck" 
in a local minimum. In order to overcome this problem there are a range of different 
techniques for generating a series of configurations, the energy of which may be 
minimised further. 
The technique of systematic or "grid" searching is usually applied in conformational 
analysis, where successive stepwise rotations are made of the torsion angles of 
interest. 14,16  The advantage of this technique is that is allows energy profiles to be 
calculated as a function of torsion. The disadvantage is that the number of steps that 
need to be made increase exponentially with the number of torsion angles. n-Butane 
for example has 3 minima, pentane has 9 (32)  and n-decane has 
37  (or 2187) 
low-energy structures. This methodology is employed in chapter 2 in the 
conformational analysis of propionic acid. 
Another approach is to use a completely random method of sampling, although this 
tends to be rather inefficient as it tends to generate large numbers of high energy 
configurations which are of little relevance. 15,16  This method is used in the 
conformational analysis of 3-(4-methylbenzoyl)propionic acid in chapter 2. 
In chapter 3 we study more complicated molecules and use more sophisticated 
techniques. An improvement on the random method, the Monte Carlo 
technique, 14,15,16  is used to generate a series of configurations using the following 
procedure: 
6 
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From a starting configuration r a new configuration r+i = r + Ar is 
generated by a random displacement Ar. 
The new configuration r s+ l is either accepted or rejected on the basis of the 
energy change with respect to the previous configuration. 
The energy change AE is defined as V(r+i)- V(r) and a random number R, having a 
value between 0 and 1 is generated. 
The new configuration is accepted if AE is negative or when AE ? 0 if R 
<exp(AE/kbT). Otherwise the new configuration is rejected if R> exp (AE/kbT). 
The convention is to choose the random displacement (R) such that half of the new 
configurations are accepted. 
14,11,16 This method has the advantage over random 
methods of sampling as the configurations generated are likely to be relevant. This 
technique has been employed in conformational searching in chapter 3. 
An alternative to this is to use Molecular Dynamics, where a trajectory for all the 
atoms in the system is generated by simultaneously integrating Newton's equations of 
motion over time to give a trajectory. 11,11,16 The forces on the atoms are calculated 
from the gradient of the potential energy V(r) which needs to be expressed as a 
differentiable function of the atomic coordinates (Equations 1.1 and 1.2). The forces 
on the atoms are F, and the time is t. This technique has been employed in chapter 3 
to the modelling of systems containing between 1500 and 2000 atoms. 
d2rj/dt2 = m 1 'F, 	 Equation 1.1 
F,.'= -V(rj.....rN)/Erg 	 Equation 1.2 
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Chapter 2: 
Force fields to model surface actives such as the corrosion inhibitor 3-(4- 
methylbenzoyl)propionic acid 
Chapter 2: Force fields to model surface actives 
In this chapter a review of the Cambridge Crystallographic Database showed that 
aliphatic carboxylic acids adopt a planar arrangement of the CO2H unit and the a-
and n-carbon atoms with an exclusively trans disposition of the hydroxyl group and 
a-carbon (i.e. the torsion angle C() - C(a) - C - OH is close to 180 °). Such an 
arrangement is not intuitive to most practicing chemists because it has an eclipsed 
arrangement of the keto oxygen and P carbon atom and it has implications in 
modelling the behaviour of carboxylic acid derivatives as ligands or as surfactants and 
in predicting minimum energy pathways for reactions. Ab initio calculations on 
propionic acid showed that a planar trans arrangement of C(3) - C(a) - C - OH is 
the lowest energy conformation, confirming a result reported as long ago as 1977 by 
Allinger.' In contrast when the common force fields in conventional molecular 
mechanics were used, all failed to generate the observed CSD structures and the ab 
initio minimum energy structure but we have subsequently shown that the 
incorporation of the torsion parameters proposed by Blomqvist et al. into PCFF 
ensured that a very good agreement between observed and calculated gçometries was 
obtained . 2 ' 3 ' 4  This is of considerable significance to the work in chapter 3 involving 
molecular modelling studies of carboxylic esters. 
2.1 Introduction 
Carboxylic acids find extensive application as ligands and surfactants. The rational 
design of new actives, e.g. for base metal recovery 5 or corrosion inhibition, depends 
on having an understanding of the energy changes involved in generating the 
conformations which are needed to address the coordination requirements of single 
metal ions in solution, an array of metal ions at surfaces or the solvation or secondary 
bonding requirements at interfaces. 6  The starting point for the work described in this 
chapter was to design benign organic ligands to modify the physical and chemical 
properties of a metal surface for industrial applications including corrosion inhibition, 
friction modification, and adhesion promotion. Traditional treatments for surface 
modification of iron or steel surfaces have involved the use of chromium(V1), zinc, 
sulfur and phosphate-containing materials. 7 
We show that whilst existing force fields for molecular mechanics calculations give 
excellent results for the substituents attached to the a or 3 carbon atoms in aliphatic 
10 
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carboxylic acids, they do not predict the minimum energy conformations of terminal 
C-CH2-CO2H segment and restraints are needed to generate minimum energy 
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Figure 2.1 The binding of a surface ligand to a metal oxide surface 
Our approach to the design of ligands which will bind strongly to an oxidised metal 
surface is to exploit "muitisite attachment" where thermodynamic stability is 
enhanced by similar effects to those for multidentate sequestering ligands when 
forming mononuclear complexes in solution. 8 A polynucleating ligand which 
provides a donor set matching an array of metal ions in an oxide surface should 
undergo an entropically favourable reaction (Figure 2.1). Relatively rigid systems (A 
in Figure 2.1) which are better preorganised to match the binding sites will perform 
better than less organised alternatives with "extended" conformations e.g. B in Figure 
2.1 and are likely also to require less desolvation on complex formation. The free 
energy of complex formation will also be more favourable when the conformational 
energy of the complexed form of the ligand is similar to that of the minimum energy 
form of the ligand in solution. Consequently, in terms of ligand design, it is very 
important to be able to determine the difference in strain energies between "free" and 
complexed forms of surface ligands. 
We initially set ourselves the target of establishing what energy penalties are involved 
in the binding of an effective corrosion inhibitor, Ciba's Irgacor4196 (Figure 2.2), to 
iron(III) oxides. Earlier work has indicated that the binding of this molecule may 
11 
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involve the carboxylate group bridging two adjacent Fe atoms and the 4-keto group 
acting as a hydrogen-bond acceptor in an interaction with a surface hydroxyl group 
(Figure 3)8  It was intended to use conventional molecular mechanics force fields to 
calculate the strain energy involved in the 4-keto carboxylate unit adopting this 
conformation. The starting point was to establish the minimum energy conformation 




Figure 2.2 The crystal structure of 3-(4-methylbenzoyl)propionic acid and atom numbering scheme 
used in modelling work in this chapter. 6 
Figure 2.3 The conformation observed in an enneanuclear iron complex of 3-(4-
methylbenzoyl)propionate and proposed for attachment to the (02 1) plane of lcpidocrocite. 6 
2.2 Results and Discussions 
In order to identify which molecular mechanics force field most effectively 
reproduced the conformation of the 4-ketopropionic acid "head group" of Irgacor 419 
we employed the strategy outlined by Allen el al. of comparing calculated minimum 
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2.2.1 4-keto carboxylic acid derivatives 
0 
2 	3, II 	 O 	C—X O\ H2 -\ 
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H—b2 	5 
Figure 2.4 Labelling of the oxygen and carbon atoms in the functional groups in Irgacor 419 and in 
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Figure 2.5 Histograms showing distribution of the a, b and c torsion angles (see Figure 2.4) in the 4-
ketobutanoic acid structures retrieved from the CSD 
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Chapter 2: Force fields to model surface actives 
The 18 structures containing the functional groups of Irgacor 419 (Figure 2.4) listed in 
Table 2.1 were identified in the CSD 1° using the search program Conquest" after 
applying secondary criteria requiring that the retrieved structures should have error-
free atomic coordinates, no reported disorder and a crystallographic R-factor < 0.10. 
The 01-Cl and 02-C 1 distances were used to confirm that the hydroxyl and keto 
oxygen atoms had been correctly assigned. Where necessary the structures were 




01-Cl! 02-CI! 	a/V b/° C1110 
VINCOA 9.8 1.334 1.237 -170.1 54.0 42.0 
SAFNIW 5.1 1.295 1.250 -151.3 63.7 0.0 
WOYQEG 4.22 1.319 1.230 -146.9 64.9 -13.4 
GOKBOX 4.9 1.311 1.216 -161.7 65.4 6.2 
SAFNIW 1 	5.1 1.288 1.215 -151.4 65.8 -2.7 
BAYHOY 4.9 1.302 1.220 176.5 68.4 41.4 
vunvus 6 1.293 1.227 -172.7 68.6 4.3 
VERMAGOI 5.8 1.294 1.215 -159.3 69.3 0.4 
RIZWUS 4.96 1.306 1.207 -176.6 70.6 9.2 
MEFYEB 6.73 1.306 .219 - -172.0 72.8 -0.1 
HAGZOF 5.15 1.309 1.215 -150.8 79.6 -9.7 
BAYGIR 8 1.305 .208 - 159.0 81.7 14.2 
BAYGIR 8 .292 - .221 - 158.3 - 85.3 15.6 
COTPAC 5.1 1.310 1.215 -174.2 169.6 18.5 
COTPEG 4 1.314 1.215 
- 
-178.6 171.7 19.7 
LUNNIR 4.69 1.311 1.209 -170.0 173.0 -11.2 
LUNNIR 4.69 1.316 1.196 -172.3 - 178.2 1 	-7.3 
COTPIK 1 	3.3 1.309 1.220 93.2 179.6 1 2.3 
Table 2.1 Bond lengths in the carboxylic acid groups and torsion angles a, b and c (Figure 4) in the 4-
ketobutanoic acid structures retrieved from the CSD. 
Figure 2.6 The two conformations trans-grans-cis (4 occurrences) and trans-gauche-cis (13 
occurrences) observed in 4-ketobutanoic acids. 
Most of the 4-keto acids have either the trans-trans-cis or the trans-gauche-cis 
conformation (Figure 2.6). 
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The torsion angle b about the central CH2-CH2 is observed to fall in the ranges 54-85° 
and 1701800 which correspond to the expected gauche and trans conformations. The 
most striking feature of the conformational analysis in Table 2.1 and Figure 2.5 is the 
observation that all but one of the 4-ketobutanoic acid derivatives have a trans 
disposition of the hydroxyl group and the 0 carbon atom, i.e. values of the torsion 
angle a are close to 180 ° or -180°. In the exception, COTPIK (potassium hydrogen a-
ketoglutarate), the 01 oxygen atom is complexed to a potassium cation,' 2 completing 
chelate rings which might be expected to adopt conformations which best suit the 
coordination requirements of the IC ion. 
Allen et al. have shown that higher energy conformations of organic molecules (> 1 
kcal mor) are rarely detected in the crystalline state. 9 This implies that the more 
commonly observed trans-gauche-cis conformation will have only a very slightly 
lower energy than the trans-transcis form and that both are significantly more stable 
(> 1 kcal mor) than other conformers. Prevalence of the trans-gauche-cis form is 
predicted by the "gauche effect" which in these molecules is based on the electron 
poor C  and C4 atoms being disposed gauche to each other in order to allow donation 
from a aC2-H bonding orbital into the t *C3C4 antibonding orbital and from a aC3-
H bonding orbital into the a*C1C2  antibonding orbital. 
13 
The c torsion angle is such that 04 eclipses C2, i.e. is close to zero except in the 
structure BAYHOY, where the conformation is disturbed by coordination of the 
molecule to W(C0)5 and in VINCOA where the C4=04 is conjugated with another 
carboxylate group with which it is orientated to form a hydrogen 
bond. 14,15 
Molecular mechanics calculations using conventional force fields were carried out to 
compare the relative energies of the trans-gauche-cis and trans-trans-cis 
conformations. This was done initially on the 3-(4-methylbenzoyl)propionic acid 
molecule in which the three independent torsion angles, a, b and c, determine the 
energy. A random search, which combined random perturbation of the a, b and c 
torsion angles in with energy minimisation was used to generate 1000 conformers for 
each force field. Calculations were performed on a Silicon Graphics workstation 
using 16  Cerius2 software with the force fields, COMPASS 17 CVFF' 8, Dreiding' 9, 
15 
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F20 ' 2 '234'25 	 26PCF" 	and UFF.  Default atom types were used for all force fields. The 
charges for UFF and Dreidmg models were assigned using the Gasteiger method of 
charge equilibration,, whilst for the other force fields the default charges were used. 27 
The calculated torsion angles and relative energies of the unique low energy 
conformers within 5 U mol' of the global minimum for each of the force fields are 
listed in Tables 2.2, 2.3, 2.4, 2.5 and 2.6. As mentioned previously, molecules have 
been inverted where necessary to ensure that the value for the b torsion angle lies 
between 0° and 1800. 
a/v b/v C/o Relative energy/ kJ moI 1 
-176.50 73.08 59.33 0.00 
-178.57 172.91 -69.79 1.56 
3.89 72.59 54.67 1.84 
-180.00 180.00 -0.04 2.44 
-1.46 171.37 -75.67 2.70 
0.00. 180.00 -0.08 4.90 
a/v b/v C/o Relative energy/ kJ mor' 
91.49 177.27 97.29 0.00 
-104.47 71.08 87.38 0.53 
-82.04 177.51 97.82 1.76 
-66.47 72.65 -0.75 3.17 
81.49 72.61 87.86 1 	 3.82 
-36.44 78.24 -85.79 4.65 
a/°, b/v Relative energy/ kJ moF' 
-63.30 178.66 109.44 0.00 
116.03 179.31 109.34 0.02 
63.06 177.97 109.16 0.35 
-116.13 177.25 109.17 0.86 
62.76 179.82 0.32 1.48 
-116.68 179.15 0.07 1.52 
116.31 179.05 76.20 1.88 
-63.07 178.25 76.53 1.94 
-116.14 177.22 75.28 2.46 
-0.88 179.59 109.31 4.21 
-114.77 69.53 66.34 4.57 
62.73 178.09 55.79 4.84 
0.00 180.00 0.00 4.94 
116.51 179.54 56.04 4.95 
Table 2.2 Positions and energy values of minima for the 3-(4-rnethylbenzoyl)propioniC acid molecule 
calculated using the COMPASS force field 
Table 2.4 Positions and energy values of minima for the 3-(4-methylbenzoyl)propioniC acid molecule 
calculated using the Dreiding force field 
Table 2.3 Positions and energy values of minima for the 3-(4-methylbenzoyl)propionic acid molecule calculated 
using the CYFF force field 
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allo bfl Relative energy/ kJ mor' 
-1.67 172.72 -68.66 0.00 
2.48 73.04 54.92 0.44 
-0.13 180.00 -0.29 0.77 
aJ° bP Relative energy/ kJ mor' 
-63.29 178.67 109.44 0.00 
116.03 179.32 109.35 0.02 
63.06 177.98 109.16 0.35 
-116.12 177.26 109.17 0.86 
62.76 179.81 0.32 1.48 
-116.68 179.15 0.07 1.52 
116.31 179.05 76.21 1.88 
-63.07 178.25 76.53 1.94 
-116.14 177.22 75.30 2.46 
-0.88 179.59 109.31 4.21 
-114.77 69.52 66.34 4.57 
62.72 178.09 55.79 4.84 
0.00 180.00 0.00 4.94 
116.51 179.55 - 56.03 4.95 
One of the features of greatest interest is to establish whether the conventional force 
fields give the observed conformers in the solid state as the minimum  in or low energy 
structures. Surprisingly this is not the case. The trans-gauche-cis isomer(Figures 2.2 
and 2.6), which is found in the crystal structure of 3-(4-methylbenzoyl)propiomc acid 
is either so high in energy that it is unfeasible or is not a minimum at all (Table 2.7). 
With the exception of COMPASS the force fields all calculate the energy of the trans-
trans-cis (Figure 2.6) isomer as being, much greater than calculated for the global 
minimum. 
Forcefield Conformer a° b° CO Energy relative to global  
minimum/ U mo1 
trans-gauche-cis N/A N/A N/A not a minimum 	- 
COMPASS trans-trans-cis -180.00 180.00 -0.04 2.44 
trans-gauche-cis N/A N/A N/A not a minimum 
CVFF trans-trans-cis -179.70 179.98 0.06 27.16 
trans-gauche-cis -175.94 71.79 5.44 26.68 
Dreiding trans-trans-cis 180.00 180.00 0.00 16.39 
trans-gauche-cis N/A N/A N/A not a minimum 
PCFF trans-trans-cis 179.95 180.00 -0.17 13.99 
trans-gauche-cis -176.83 71.39 4.51 14.80  
UFF trans-trans-cis -180.00 180.00 0.00 6.25 
Table 2.7 Calculated torsional angles and energies for the trans-gauche-cis and trans-trans-cis con rormers 
observed in the solid state structures of 4-keto carboxylic acids. 
Table 2.5 Positions and energy values of minima for the 3-(4-methylbenzoyl)propionic acid molecule 
calculated using the PCFF force field 
Table 2.6 Positions and energy values of minima for the 3-(4-methylbenzoyl)propionic acid molecule 
calculated using the UFF force field 
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Many of the conformational energy minima calculated in Tables 2.2, 2.3, 2.4, 2.5 and 
2.6 have a angles that are close to zero. This is at odds with the distribution observed, 
the values for which cluster around 1800  (see Figure 5) in the CSD. In order to 
determine if this mismatch between the calculated and observed values was a feature 
of 4-ketocarboxylic acids or whether more general we decided to study propionic acid 
as it was the simplest molecule in which this torsion angle can be observed. 
2.2.2 Analysis of crystal structure data from propionic acid derivatives 
In order to find crystal structures corresponding to the a torsion in propionic acid a 
CSD search for the fragment shown in Figure 2.4(B) was performed. Secondary 
constraints matching those in the work reported by Allen et al. were applied such that 
the compounds had to have error free atomic coordinates, crystallographic R factors 
less than 0. 1, were classified in the CSD as organic compounds and were not 
classified as polymeric. 9 The search located 818 compounds that are shown in 
appendix 2.1. The connectivity on 0 has been left as unspecified and so any type of 
element may be bound. 
The geometric parameters listed in Table 2.8 were extracted for each of the fragments 
so that the torsion angle could be plotted. Where necessary the structures were 
inverted so that the value of the torsion angle lay between 00  and 180°. We note that 
of the 823 crystallographically independent fragments 7 (see Table 2.9) had a CI-Ol 
distance shorter than the C 1-02 distance. This suggested that the hydroxyl group may 
have been incorrectly assigned. 
Atom Numbers Description 
a Torsion Angle 
L 	01-C 1 carbon to hydroxyl oxygen distance 
I 02-Cl carbon to keto oxygen distance 
Table 2.8 Data used to describe the geometry of the propionic acid derivatives (see Figure 2.4) 
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CSD Refcade Rfactor (R) Ci-Ol A C1-02 A a° 
BANMUZ 4.8 1.251 1.257 -14.666 
CIGDEB 3.8 1.189 1.307 -118.665 
UGUZOL 6.52 1.211 1.301 -7.443 
VADTUQ 5.03 1.249 1.253 35.258 
VADWOM 5.4 1.251 1.26 -80.623 
WARXOC 9.2 1.222 1.323 -128.678 
YINJOU 1 	9 1 	0.969 1 	1.279 1 	-169.471 
Table 2.9 Data removed because of uncertainty surrounding the assignment of the hydroxyl and keto 
oxygen atoms in the carboxyl groups. 
Data for the remaining 816 fragments were plotted (see Figure 2.7). The torsion angle 
a shows a similar distribution observed to that in the equivalent torsion angle in 4-
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Figure 2.7 Distribution of the a torsion angles in the propionic acid derivatives matching the search 
fragment shown in Figure 4 (B). 
In order to compare the common force fields a systematic conformer search was 
performed on propionic acid using 16  Cerius2 software and the COMPASS ' 7, CVFF 18 , 
Dreiding' 9, PCFF2° and UFF26 force fields. Default atom types were used for all 
forceflelds. Charges for 15FF and Dreiding models were assigned using the Gasteiger 
method of charge equilibration, for the other force fields the default charges were 
used. The molecule was rotated from 00  to 180° in 1°steps, and after each step a 
harmonic restraint with a force constant of 4184 kJ mor' rad' was applied to hold the 
torsion angle in position while the energy of the molecule was minimised. This 
resulted in plots of conformational energy as a function of torsion angle (see Figure 
2.9) for propionic acid for each of the force fields. 
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Figure 2.8 Superimposed confonnational energy plots for the compass, CVFF, Dreiding, PCFF and 
UFF force fields for the a torsion in the propionic acid molecule. 
It was apparent (Figures 2.7 and 2.8) that the energy minima predicted by the force 
fields were in poor agreement with the observed distribution of structures containing 
the fragment shown in Figure 2.4 in the CSD. We felt that it was necessary to use a/i 
initlo techniques to investigate the conformational behaviour of the propionic acid 
molecule and to confirm that the observed solid state structures are similar to the 
calculated lowest energy structures in the gas phase. initially it was decided to 
investigate the energies of the two conformers with a angles of 00 and 1800 
respectively as their observed distribution of crystal structures was very different 
although several of the force fields show them to be close in energy. 
2.2.3 Ab Initio calculations on gas-phase propionic acid 
All the a/i iniiio calculations were performed on a PQS workstation using the 
Gaussian 98 program by Dr Sarah Hinchley. 28 Initially optimum geometries and 
associated vibrational frequencies were calculated. Two C conformers of propionic 
acid, designated A and B (Figure 2.9) were investigated: conformer A had a = 180.0°, 
and conformer B had a = 0.0. Optimisations were performed at the HF/321G* 2930 ' 
and HF/631G* 323334 levels. Analytic second derivatives of the energy with respect to 
nuclear coordinates calculated at the HF/6-3 1 G* level for both conformers gave the 
force fields which were used to calculate the frequencies, which in turn provided 
information about the nature of stationary points. Conformer A was found to be an 
energy minimum on the potential energy surface, but conformer B was found to be a 
20 
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maximum, returning one imaginary frequency (541 cm- '). Visualisation of this motion 
revealed that the main component was the a torsion. The symmetry was reduced from 
C to C 1 and the structure optimised. The Ci structure returned no imaginary 
frequencies at the HF/631G* level, with a 65.00. 
Conformer B 
Hi 
Figure 2.9 Optimised structures of Conformer A (() and Conformer B((', ). 
Further optimisations at the MP2 level of theory with the 6-3 1 G*,  6-311  G*35  and 6-
311+G* basis sets were performed for the Cs structure of Conformer A and the C  
structure of Conformer B. The electronic charges for each atom were also analysed 
using the standard Mulliken charges and the results from this are given in Table 2.10. 
Results of the geometry optimisations are given in Table 2.11, with the final 
optimised structures (MP2/6-3 11 +G*) with atom numbering given in Figure 2.9 
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MP2/6311+G* 60 180 
Hi 0.41 0.40 
01 -0.41 -0.41 
Cl 0.29 0.24 
C2 -0.48 -0.23 
C3 -0.79 -0.91 
H3C 0.26 0.25 
02 -0.38 -0.40 
H213 0.28 0.28 
H2A 0.28 0.28 
H313 0.27 1 	0.26 
MA 0.26 0.26 
Table 2.10 Mulliken Charges on each atom (MP2/6-31 1+G*) 
Level of theory HF/631G* MiP2/6.31G* MP2/6311G* MP2/6_311+G* 
Approx value of 
at' 60 180 60 180 60 180 60 180 
Distance-WA 
Hi-01 0.95 0.95 0.98 0.98 0.97 0.97 0.97 0.97 
01-Cl 1.33 1.33 1.36 1.36 1.36 1.36 1.36 1.36 
C1-C2 1.51 1.51 1.51 1.51 1.51 1.51 1.50 1.51 
C1-02 1.19 1.19 1.22 1.22 1.21 1.21 1.21 1.21 
C2-C3 1.53 1.52 1.53 1.52 1.53 1.52 1.53 1.52 
Angles/°  
H1-01-C1 108.07 108.06 105.34 105.42 106.36 106.42 107.17 107.16 
01-Cl-C2 112.27 111.73 111.26 111.23 111.20 111.13 111.16 111.11 
01-C1-02 122.08 122.22 122.33 122.56 122.47 122.69 122.46 122.66 
02-C1-C2 125.66 126.05 126.41 126.21 1 	126.33 126.19 126.37 126.24 
C1-C2-C3 112.41 113.03 112.21, 112.36 111.84 112.37 111.45 1 	112.58 
Dihedral 
angles/*  
H1-01-C1-C2 -179.44 180.00 -179.44 180.00 -179.29 180.00 -178.67 180.00 
H1-01-C1-02 0.36 0.00 0.11 0.00 -0.03 0.00 0.27 0.00 
a 63.58 180.00 59.76 180.00 61.82 180.00 65.00 180.00 
02-C1-C2-C3 -116.21 0.00 -119.77 0.00 -117.40 0.00 -113.89 0.00 
C1-C2-C3-H3C 1 	178.69 1 180.00 1 	178.12 1 	180.00 178.04 180.00 177.68 180.00 
Table 2.11 Theoretical geometrical parameters of Conformer A (Cs) and Conformer B(C 1 ) 
(distances in A, angles in degrees) 
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Figure 2.10. MP2/6-3 I l+G and modified PCFF calculated dependence of energy of the gas 
phase propionic acid molecule on a torsion angle. 
Blomqvist et al. studied the accuracy with which the PCFF and COMPASS force 
fields reproduced the structure of methyl propionate (Figure 2.11) by comparing the 
force field results with the results of DFT and gas phase ab initio calculations . 2'3 '4 It 
was found that neither PCFF or COMPASS was able to treat the a torsion angle 
accurately. They proposed a set of new parameters for PCFF to treat the C-CH2-C-0 





Figure 2.11 Methyl propionate. 
Incorporation of the torsion parameters proposed by Blomqvist et al. into PCFF 
(Figure 2.10) appears to give acceptable results for this torsion angle. The 
conformational behaviour of the propionic acid molecule is in agreement with the 
results obtained by Allinger and Chang and is what would be expected from the 
distribution of torsion angles in the CSD based on the argument of Allen et al. 
1.9 
Torsion Angle defined by: 
01 -C] -U2-C3 4) 900 U.X) 
02-cl -U2-C3 I 5(3) 0,8W 
(I (X) 
-7D1-r=-FD MkKi U 04411 
I) 1)4(4) 
02-cl-C2-H3 -U(ka) 004W 
Table 213 Parameter For the carboxy tOrsion in modified l'Ub'14 
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2.3 Conclusions and Discussion 
Comparison of related crystal structure data and the results of gas phase ab initio 
calculations with the energy profiles calculated by the Cerius2 package using the 
COMPASS, CVFF, DREID1NG, PCFF and UFF forceflelds has shown that the force 
fields do not accurately reproduce the behaviour of the O-C-CH2-CH2 torsion in 
simple aliphatic carboxylic acids. This emphasises that before using conventional 
packages to undertake molecular modelling, even on the simplest molecules, that it is 
important to establish that the associated force fields are able to predict lowest energy 
conformations. As a result of the work described in this chapter we have been able to 
define additional parameters which enable PCFF to model surface actives such as 
carboxylic acids or esters. These are used in studies in Chapter 3. 
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Chapter 3: Molecular dynamics simulations to aid the rational design 
of organic friction modifiers. 
Chapter 3 - Molecular dynamics studies of organic friction modifiers. 
In order to design new friction modifying additives it is necessary to understand the 
relationship between structure and activity for current additives. To this end we have 
developed a method for carrying out Molecular Dynamics (MD) simulations to 
investigate the relationship between structure and activity for a series of model 
molecules derived from commercially available organic friction modifiers (OFMs). 
3.1 Introduction - friction and friction modifiers 
Friction is defined as wear and energy loss between two moving surfaces.' In most 
parts of engines it is undesirable and the aim of lubrication is to minimise it as far as 
possible. 
Boundary 	 Hydrodynamic 
EIastohydrrrIyn3mC 
p 
y - film parameter ratio of filni thickness: 
surface roughness 
Figure 3.1 The Siribeck curve illustrating the relationship between film thickness and friction 
coefficient. 
There are two types of friction; external friction which arises from microscopic 
contact points between two moving surfaces which can result in adhesion, 
deformation and grooving, and internal friction which arises from the viscosity of the 
lubricant. The relationship between them can be understood by looking at the 
Stribeck curve (Figure 3.1). At the extreme left of the graph, the two metal surfaces 
are in direct contact with no lubricant between them. This is termed "dry friction" and 
is considered to be highly undesirable as it is associated with extremely high friction 
and wear. In the boundary friction region, the part of the graph in red, the two metal 
surfaces are separated by a monolayer of lubricant molecules. This is the region of 
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most interest to chemists. The interactions are extremely complicated and poorly 
understood although it is believed that chemisorption and physisorption play an 
important role.' As the -film between the two surfaces becomes gradually thicker the 
system enters the elastohydrodynamic region (blue) in which there are fewer and 
fewer metal-metal contacts as the lubricant film becomes progressively thicker. As 
the film becomes thicker the energy lost due to the lubricant viscosity, the internal 
friction, starts to increase so that eventually the friction coefficient passes through a 
minimum and starts to increase. Formulators designing additive packages would like 
to minimise both internal and external friction. This can be approached by using a 
friction modifier which will adsorb strongly onto a metal surface, thus providing good 
boundary and to a lesser extent elastohydrodynamic lubrication in combination with a 
low viscosity engine oil to reduce internal friction. 
R 	X X 	R 
,N__<s.MOx 	
SR 
Figure 3.2 Molybdenum dithiocarbamate. X =0 or S, R = alkyl chain of between 4 and 8 carbon 
atoms in length. 
A common friction modifying additive is molybdenum dithiocarbamate (Figure 3.2) 
which decomposes in situ to generate molybdenum disulfide which has a graphite like 
structure containing layers that can easily be sheared over each other. 2 This has 
proved to be an effective friction reducing agent. Recently the manufacturers of 
lubricant additives have come under pressure from vehicle manufacturers and 
legislators to reduce the use of additives based on phosphorus, sulfur, and metals. In 
order to do this it is necessary to first understand the relationship between structure 
and activity of existing organic additives based on carbon, hydrogen and oxygen so 
that new additives can be designed. 
The schematic structure of a friction modifier molecule is depicted in Figure 3.3. The 
molecule has a polar head group (X in Figure 3.3) which interacts with the metal 
surfaces of engine components and a long alkyl tail group (R) to impart oil solubility. 
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R X 
Figure 3.3 Organic friction modifier, X represents the polar head group R, the hydrocarbon tail 
group. 
These molecules are believed to reduce friction by adsorbing onto surfaces to generate 
friction-reducing layers (Figure 3•4)•3 
Figure 3.4 Proposed mechanism of friction reduction by organic friction modifiers. The polar head 
groups are represented by circles and the apolar tail groups are represented by lines. 3 
The dependence of the strength of adsorption and efficacy of organic modifiers of the 
form shown in Figure 3.3 on the nature of the head group (X) and tail group (R) has 
been investigated experimentally. 4 ' 5 ' 6' 7 
It was reported that the free energy of binding of this type of molecule is dependent 
on the surface coverage. The Temkin isotherm, which allows for a linear decrease in 
the free energy of binding with increasing surface coverage (Equation 3. 1), was 
used . 4' 5 ' 6' 7' 8  It is apparent therefore that intermolecular interactions play a significant 
role in the adsorption of the type of molecules of interest as friction modifiers. 
	
Gads = AGO + aB. 	 Equation 3.1 
where: AGadr, is the energy of adsorption 
0 	is the fractional surface coverage. 
a is a positive constant, dependent on the interaction of additive molecules at the 
surface. 
The Langmuir Isotherm (Equations 3.2 and 3.3) is often used because of its simplicity 
in the study of adsorption and is based on three assumptions: 9"°' 1 ' 
Adsorption cannot proceed beyond monolayer coverage 
All sites are equivalent and the surface is uniform. 
The ability of a molecule to adsorb at a given site is independent of the occupation 
of neighbouring sites. 
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K 
fl ± [HL] 	 - 	flA 	 Equation. 3.2 
K[HL] = 01(1-0) 	 Equation 3.3 
Where: 
n = concentration of unoccupied sites mol l 
[HL]= concentration of adsorbate in mol r' 
nA = concentration of adsorbate on surface sites mol i -I 
It is not reasonable to make these assumptions for the adsorption of fatty acids 
because interactions between adsorbed molecules are important in determining the 
strength of binding and the surface coverage for stearic acid is adsorbed more strongly 
than lauric acid because there are more, intermolecular van der Waals 
interactions. 4 ' 5 ' 6' 7 
An outline of our attempts to study the adsorption of existing organic friction 
modifiers based on the existing isotherm methodologies available to us in Edinburgh 
is given in appendix 3.1. 
A series of n-alkanoic carboxylic acids containing 12, 14, 16 and 18 carbon atoms 
was studied, and a linear decrease in friction coefficient with chain length was 
reported .6  A correlation between friction, chain length and enthalpy of fusion was 
reported and the authors proposed that the lower friction of the higher acids is due to 
stronger intermolecular (van der Wants) interactions between molecules in a surface 
film which make it harder to form a defect in the surface film. 6 The melting points of 
some common fatty acids are listed in Table 3.1 
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Structure Melting point (°C) 
straight chain _saturated _acids  
Laurie 12 CH3(CH2) 1000OH 44 
Myristic 14 CH3(CFI2)12C00H 58 
Palmitic 16 CH3(CH2) 14C00H 63 
Stearic 18 CH3(CH2)16C00H 70 
Arachidic 20 C1-13(CH2) 18C00H 75 
straight chain _cis _unsaturated _acids 
Palmitoleic 16 CH3(CH2)5CHCH(CH2)7COOH 32 
Oleic 18 CH3(CH2)7CH=CH(CH2)7COOH 
Ricinoleic 18 CH3(CH2)5CH(OH)CH2CH=CH(CH2)7COOH 
Linoleic 18 CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH 
Linolenic 18 CH3(CH2)4CH=CHCH2CHCH(CH2)7COOH 11 
Arachidonic 20 CH3(CH2)4(CH=CHCH2)4CH2CH2COOH 50 
straight chain 	 acids  _trans _unsaturated 
Elaidic 18 CH3(CH2)7CH=CH(CH2)7COOH 47 




Figure 3.5 Stearic, elaidic and oleic acids. 
The effect of chain unsaturation in C18 carboxylic acids on the friction reducing 
behaviour and adsorption characteristics was investigated by studying stearic, elaidic 
and oleic acid (Figure 3.5). It was reported that stearic acid, which has a saturated 
alkyl chain is the most strongly surface active and gives the lowest friction 
coefficient. 7 Elaidic acid has a trans double bond in the centre of the tail group that 
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disrupts the packing of the molecules and results in an increased friction coefficient. 7 
Oleic acid has a cis double bond in the centre of the tail group which further disrupts 
the packing of the molecules at the surface and results in a greater friction coefficient 
than either stearic or oleic acid. 7 
Figure 3.6 Isostearic acid. 
Comparison of the binding and friction reducing properties of n-stearic and isostearic 
acid (Figure 3.6) showed that isostearic acid binds less strongly than n-stearic acid 
and is a less effective friction modifier. It was proposed that the methyl group 
disrupts the packing of the alkyl chains resulting in less efficient packing, weaker 
surface bonding and a higher friction coefficient relative to the unbranched n-stearic 
acid (Figure 3.6). 
Figure 3.7 Methyl stearate and I 2-hydroxy methyl stearate. 
The effect of side groups on the chain, which might allow hydrogen bonding, was 
studied by comparing 12-hydroxy methyl stearate and methyl stearate (Figure 3.7). 
12-hydroxy methyl stearate was found to bind more strongly and to be better at 
reducing friction that methyl stearate. 4 It was proposed that the hydroxyl group is 
able to form hydrogen bonds that stabilise the surface film. 4 
It was also found that the ability of the head group to interact with the surface has an 
effect on binding strength, so that stearic acid which is able deprotonate in order to 
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form covalent bonds to the iron atoms in the surface (Figure 3.8) is adsorbed more 
strongly than methyl stearate or stearyl alcohol which interact with the surface via 




Figure 3.8 Proposed method of binding of carboxylates to iron 
Surf aces. 
'3"4'15 
The production of organic modifiers is based on complete hydrolysis of vegetable fats 
to give a mixture of glycerol and fatty acids and then partial dehydration to give a 
mixture of mono, di and tri esters (Figure 3.9). The fatty acid composition of 
different fats is given in Table 3.2 and it is seen that oleic acid is a significant 
component of vegetable oils and the predominant component of olive oil which is the 
main feedstock used in the production of OFMs.'2 The organic friction modifier used 
by Infmeum UK Ltd (hereafter referred to as Infineum) is a mixture of mono, di and 
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Figure 3.9 Outline of preparation of alkanoyl glyceride friction modifiers from fits. 
The purpose of the work in this chapter was to interpret the structure-activity 
relationships of organic friction modifiers. Based on the distribution of fatty acids in 
olive oil in Table 3.2 1-mono-oleyl glyceride (Figure 3.10 (A)), 1,3-di-oleyl glyceride 
(Figure 3.10(B)) and tri-oleyl gylceride (Figure 3.10(C)) were chosen to be 
representative of the principal components of organic friction modifiers. 
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mtedas 	R1O 
Figure 3.10 (A) 1 -mono-oleyl glyceride (1 -mog), (B) 1 ,3-di-oleyl glyceride (1,3-dog) and (C) tn-
oleyl glyceride (tog) 
Saturated fatty acids Unsaturated fatty acids 
C12 C14 C16 C 8 C18 C18 C18 I 	C18 
Source Laurie Myristic Palmitic Steanc Oleic Ricinoleic Linoleic Linoleneic 
Animal Fats 
Lard - 1 25 15 50 - 6 1 
Butter 2 10 25 10 25 - 5 - 
Human fat 1 3 25 8 46 - 10 - 
Whale 
- 8 12 
Blubber  
3 35 - 10 - 
Vegetable Fats 
Coconut 50 18 8 2 6 - 1 - 
Corn 1 10 4 35 - 45 - 
Olive - 1 5 5 80 - 7 - 
Peanut - - 7 5 60 - 20 - 
Linseed - - 5 3 20 - 20 50 
Castor - - - 
Bean  
1 8 85 4 -- 
Table 3.2 Approximate fatty acid composition (%) of some common tats and oils. 
The high frequency reciprocating rig (HFRR) apparatus shown in Figure 3.11 was 
used by Infineum to collect friction and electrical contact resistance data. A steel ball 
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is loaded against a flat plate and reciprocated back and forwards. The contact is 
immersed in friction modified oil. The movement of the steel ball enables 
measurement of friction and the electrical contact resistance is measured between the 
ball and the flat steel plate. This correlates tenuously with thickness of the film 
formed by the friction modifier. Generally, as the additive molecules adsorb onto the 
surface the electrical contact resistance increases. There are, however, exceptions to 
this for example graphite, which is an electrical conductor so that when a layer of 
graphite is formed between the ball and the plate the resistivity is decreased. 
Loaded contact 
immersed in friction 
modified oil 
Flat Plat 
Figure 3.11 High Frequency Reciprocating Rig (HFRR) apparatus for the collection of friction and 
resistivity data by Infineum. The experimental conditions were: Ball diameter 6 mm, load 4 N, 
frequency 20 Hz, Stroke length 1 mm. Both ball and flat were of ANSI 52100 steel. 
The friction data are shown in Figure 3,12 and the resistivity data are shown in Figure 
3.14. The Friction coefficient is defined as (Figure 3.13) the ratio of frictional force to 
normal force. 
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Figure 3.12 Friction coefficients of 3.5 x 10-3 mol L' solutions of the three related oleyl glyceride 
molecules in a commercial base oil obtained by Infineum using the HFRR apparatus depicted in Figure 
3.11 
Normal force, N 
F=JIN 
Frictional force, F 
Figure 3.13 The friction coefficient Cu) is defined as the ratio of normal force to friction force 
The purpose of this work is to understand and interpret the experimental observations 
of friction reduction by 1-mog, 1,3-dog and tog in light of their structure. From the 
work of Beltzer el al. it was believed that the efficacy of a friction modifier is 
dependent on: 
the ability of the "head groups" of the friction modifiers to interact with the 
surface of the metal, 4 ' 56 
the ability of the "tail group" of the molecules to pack so that they are able to 
form a stable film by van der Waals interactions with neighbouring ester 
molecules, 5 '6 
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the ability of the molecules to form intermolecular hydrogen bonds between 
neighbouring molecules, 4 '5 '6 
the ability of the molecules to pack efficiently. 5,6,7 
These interactions, on which friction reduction depends, are complicated and not 
easily observed experimentally. It is appropriate therefore, to use a computational 
method to study the systems of interest. This work was based on the assumption that 
the friction modifiers do adsorb onto the surface to generate a film and molecular. 
dynamics simulations are used to investigate their behaviour. 
16,17 




/ H 3CC 
H3C—O 
0—H 
pKa 15.54 4.76 
Ratio at pH6 io-•' 10124 [Dissociated] 
I"[Associated) (3.09 x 10' 0) (5.75x10 2) 
It is assumed, based on the relative acidity of acids and alcohols (see Table 3.3) that 
as alcohols are very weakly acidic, little dissociation will occur so that the most 
significant mode of interaction with the hydroxylated metal oxide surface will be by 
the formation of hydrogen bonds. 18 
3.2 Introduction - PCFF forcefield 
In our work we make use of the polymer consistent force field (hereafter referred to 
as PCFF) a member of the consistent force field family and a precursor to the 
COMPASS force field. 19,20,21,22,23,24,25 These force fields were originally developed 
for condensed phase simulations of organic polymers. It was decided to use PCFF, as 
it was the most suitable of the force fields available to us. 
PCFF was parameterised using the results of ab initio calculations on small molecular 
analogues of organic polymers to obtain the first and second derivatives of the 
potential energy surface and from this to obtain the equilibrium values and force 
constants. 20 
Table 3.3 pKa and calculated dissociated/associated ratio at p116 for methanol and acetic acid."' 
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The functional form used by PCFF is the same as the other members of the consistent 
force field family and is given in Equation 3.4 
The first terms are the valence terms: those containing b represent the dependence of 
energy on bond stretch, those containing 9 bond bend. Those containing 0 represent 
the energy dependence on torsion angle and those containing X represent out of plane 
angle. The next terms are the cross valence terms that relate change in one parameter 
to change in another. The values of k1 and the equilibrium positions were derived in 
the parameterisation process. 
The final term handles the van der Waals interactions between atoms that are either in 
different molecules or separated by three or more bonds in the same molecule. This 
interaction is relatively short ranged in nature. 
Elow = 1k2 b - 	+ k3(b - b0)3 + k4 b— b Q i + 
	
- 0Q)2 + k3(O - O) + k4(O - 	+ 
Lk L (I —cosO)+k 2(l — cos 24)+k(l — cos 34)j+ 
+ kb - 	- + 
x 	b.b 
k1, - - O) + (ii - 	cos 0 + 
k cos 20 + k3 cos 301 + ( 0 - 00)1k 1 c 	+ 
04' 
k. cos 20 + k3 cos 3011 + E WY - 	- O) + 
b,0 
0.04'  
t I o\9 	o'i61 
I) I •i 	3 I - I r,1j J 
Equation 3.4 The functional form of the consistent force field family. 
The term q'q/r,j represents the electrostatic interaction between pairs of atoms that are 
either in different molecules or separated by three or more bonds in the same 
molecule. Here q, and qj represent the partial charges on a pair of atoms I and j while 
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r1  represents the distance between them. This interaction is very long ranged, as it is 
proportional to r 1 . 
3.3 The use of conformational searching to validate PCFF 
It has been reported that there are significant errors in the reproduction, by PCFF, of 
the carboxyl torsion angles in both esters and acids. It was possible to correct these 
using parameters reported in the literature. 26,27,28  It was decide to test the validity of 
PCFF by comparing predicted low energy conformations of tri acetyl glyceride 
(Figure 3.14) (tag) with the conformations observed in the crystal structures of 
related molecules. The basis for this was the argument of Allen et al. that the 
distribution of conformations observed in a series of related crystal structures is likely 
to provide a good guide to the gas phase potential energy surface. 
29 
Figure 3.14 fri acetyl glyceride (tag) 
We chose to study tag because there were a suitable number of crystal structures of 
related molecules available in the CSD. 3 ' In addition the small size of the molecule 
allowed a gas phase calculation. In larger more flexible molecules it is necessary to 
simulate a liquid as the molecule attempts to minimise its surface area in a 
vacuum. 30,16 
A search of the Cambridge Structural Database was made using the program 
Conquest, for molecules matching the fragment shown in Figure 3.15 
.3132 
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Figure 3.15 search fragment of the CSD for glycerol tri alkanoates. The torsion angles highlighted in 
green are of interest in determining how PCFF reproduces the gauche effect. 
A conformational search of the tri acetyl glycerol molecules was performed over the 
eight unique torsion angles using a Monte Carlo method combined with energy 
minimisation. It was apparent that the two torsion angles highlighted in green in 
Figure 3.15 were poorly reproduced. It was seen that the molecules in the crystal 
structures were found to have at least one of these torsion angles in a gauche 
conformation. There were no occurrences of the molecules having both of the torsion 
angles of interest in a anti configuration. The angles observed in the crystal structures 
are listed in Table 3.4. 
CSD Rcfcode compound name 011-C1-C2--021  021-C2-C3-031  
MEZMUZ 
beta-1.2.3- -170.8 anti 60.8 gauche 
tris(hcptadecanoyl)glyceride  
MEZMOT 
beta-1,2,3- -172.3 anti 61.7 gauche 
tris(pentadecanoyl)glycenide  
ABOPUC 
1 -2-palmitoyl-3-myristoyi- 165.9 anti 62.4 gauche 
sn-glyceride  
MEZNAG 
beta-1,23- -169.1 anti 63.1 gauche 
tris(nonadecanoyl)glyceride  
TCAPINlO tricaprvl glyceride -176.4 anti 65.9 gauche 
BTRILA05 iriiauryl glyceride -177.0 anti 67.2 gauche 
WISRAR 
1 .2.3-tnis(trans-9- -177.1 anti 67.5 gauche 
octadecenoyl)glyceride  
QOYKIY 
beta-1.2.3- -171.3 anti 67.7 gauche 
tris(octadecanoyl)glcenide  
SUWMAY 
beta-1,2,3- -176.3 anti 67.7 gauche 
iris(hexadecanoyl)glyceride  
ZZZBPDO1 
beta-1.2. 3- -172.4 anti 69.3 gauche 
tris(tetradecanoyl)glycenide  
XEHQAC 
I .3-didecano''l-2- 54.5 gauche 72.0 gauche 
dodecanovlglyceride  
ABOPUC 
I -2-palmitoyl-3-mynistoyl- 63.5 gauche 170.6 anti 
sn-glyceride  
Table 3.4 Data from the USL) 01 tn alkanoyl glycenue moiecuies togerner wun angle anu ctassiiicauuit oi to' sioii 
angle. 
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The arrangement of these torsion angles in the calculated low energy conformations 
of tri acetyl glyceride are listed in Table 3.5 
Relative Energy 011-Cl -C2-02 1 
ki mol'  
021-C2-C3-031 
0.00 -172.6 anti 178.9 anti 
0.56 -174.8 anti 172.1 anti 
0.69 66.3 gauche 176.4 anti 
1.16 -65.9 gauche 177.6 anti 
1.95 -171.7 anti 169.8 anti 
2.54 -177.9 anti 71.4 gauche 
2.75 6().7 gauche 176.7 anti 
3.05 173.3 anti 169.0 anti 
3.63 -76.2 gauche 176.3 anti 
4.09 -173.7 anti 165.1 anti 
- 	 4.09 -173.7 anti 165.1 anti 
In the two calculated lowest energy conformations these torsion angles are both anti. 
This is not an accurate reproduction of what is experimentally observed in the 
crystalline state. It was decided to investigate further by studying the conformational 
behaviour of ethylene glycol (Figure 3.16) as it was the smallest molecule in which a 
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Figure 3.16 Newman projections of the gauche and trans configurations of ethylene glycol. 
A comparison of the results of ab initlo conformational analysis of ethylene glycol 
carried 33  out by AImlOf el aL using a basis set of contracted Gausians with the results 
obtained using PCFF is given in Table 3.6. 
Table 3.5 Energy and selected torsion angle in calculated low energy conformations of tri acetyl 
glyceride using PCFF. 
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E(gauche) - Eran4 
ab initlo calculated energy/kcal moF' -3.1 
a/i inhtio calculated energy (kJ moF') -12.6 
PCFF calculated energy (kcal mol') -0.64 
PCFF calculated energy(kJ mol') -2.7 
Table 3.6 comparison of the differences in energy between the gauche and trans forms of ethylene 
33 glycol (Figure 3.14) . 
Comparison of the PCFF and ab in//jo calculated energy differences between the 
gauche and trans conformations of ethylene glycol in Table 3.5 shows that there is a 
discrepancy of roughly 10 kJ mo1 1 . It was decided to investigate the reproduction of 
the conformation of 1,2-difluoroethylene by PCFF to see if there was a systematic 
error in the reproduction of torsion angles containing electronegative atoms separated 
by two carbon atoms. 
The dependence of the energy of the 1,2-difluoroethane molecule on torsion angle is 
shown in Figure 3.17. It is apparent from the graph that PCFF predicts the trans 
conformation to be lower in energy than the gauche. The difference in energy 
between the two conformations is presented in Table 3.7 for PCFF and for 
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Figure 3.17 Dependence of energy of the I ,2-dilluoroethane molecule on the F-C-C-F torsion angle 
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E(gauche-trans) kJ mo!' 
PCFF calculated 	 10.86 
ED and gas phase NMR (literature) 	 -3.35 
Table 3.7 Comparison of energy differences between the two low energy conformations of 
I .2-difluoroethylene calculated by PCFF and based on experimental observations. 345 
It is apparent that PCFF predicts the wrong conformation as being lower in energy. 
The C-F bonds preferentially arrange trans to C-H bonds so that electrons can be 
donated from the C-H a orbital into the C-F a*  antibonding orbital. This 
hyperconjugative interaction is termed the "gauche effect". 
36  It was believed that this 
represented a significant shortcoming in our model that needed to be addressed. In 
the first instance we investigated implementing harmonic restraints in the form given 
in Equation 3.5. 
Er = k(O 9)2 	 Equation 3.5 
Where: 
E1  is the energy associated with the restraint in kcal moF'rad 2 
Oo is the equilibrium torsion angle (in radians) from which the restraint is 
applied 
0 	is the torsion angle (in radians 
k is the force constant (kcal rad moF) 
In this instance 00 was chosen as 600  and various different values of k were 
investigated. Unfortunately, this approach had the undesirable result of making the 
gauche and gauche conformers of ethylene glycol different in energy (Figure 3.18) 
so it was decided to abandon this and develop new force field parameters instead. 
Figure 3.18 PCFF calculated energies and Newman projections of the gauche and gauche 
conformations of ethylene glycol when a restraint is applied to the O-C-C-O torsion angle with 600 
as the equilibrium angle. 
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It was decided to start by developing new parameters for the F-C-C-H torsion in 
FCH2CH2F to allow reproduction of the gauche effect. Subsequent to this we 
developed new parameters for the 0-C-C-H torsion. This allowed us to reproduce the 
reported 33  energy difference between the gauche and trans forms of glycerol. A 
conformational search was carried out to find the lowest energy conformation of tag. 
A superimposition of the lowest energy conformation on the crystal structure of tn 







Figure 3.19 Superimposition of the lowest energy conformation of tag (shown in yellow) on the crystal 
structure of in stearyl glyceride. 37 
In the diagram only part of the stearyl chain is shown - the truncation occurs at the 
atoms represented by spheres. The three carbon atoms and the three oxygen atoms 
making up the glycerol moiety appear to match fairly closely with the crystal structure 
of the tri stearyl glyceride. 
Two of the three alkyl chains adopt reasonably similar conformations. The third, 
defined by the torsion C2-0-031-01 is close to 900  in the calculated minimum 
whereas in the crystal structure it is close to 180 0 .  A search of the CSD for structures 
containing this torsion angle (Figure 3.20) showed that while the conformation with a 
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Figure 3.20 CSD Search fragment of for esters with C2-C3-03 l-C3 1 torsion angle highlighted, a 
histogram showing the distribution of this torsion in the CSD (molecules have been inverted where 
necessary so that the torsion angle lies between 00  and 1800)  and Newman projections viewed down 
the C3-031 bond showing the conformation at 90° and 180° respectively. 
For the calculated lowest energy conformation to have two torsion angles in the 1800 
conformation and a third in the 90° conformation is therefore not unreasonable. 
The work presented in this chapter aims to model the behaviour of a film of fatty 
esters. Being able to reproduce the structure of individual ester molecules represents 
the first step towards achieving this objective. 
3.4 Computational Methodologies used in our simulations 
It was intended to model the behaviour of a film of fatty ester molecules at a finite 
temperature and at an interface between a hydrophilic surface and a hydrophobic 
solvent, so that the interactions defining friction reduction (section 3.1) could be 
investigated. It was necessary therefore to reproduce liquid phase conditions, so that 
the interactions between ester molecules at an interface could be investigated. 
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3.4.1 Simulation of a condensed phase using periodic boundary conditions 
The method of simulating a condensed phase that was used in our work, was to put 
the atoms of the model systems of interest into a space filling box which was treated 
as if surrounded by identical boxes related by translational symmetry. This 
periodicity resembles crystalline conditions (P1 symmetry) and is an undesirable 
artifact of the simulation methodology. For the simulation of liquids and solutions, 
where there is no long range order present, it becomes necessary to minimise its 
effects by ensuring that no atom, i could simultaneously interact with both another 
atom,j and a translationally related image off. The implications of this were that the 
lengths of the simulation box had to be greater than twice the cut-off radius r. 16 ' 17'38' 4° 
3.4.2 Treatment of non-bonded interactions under periodic boundary conditions 
The application of periodic boundary conditions gives an infinite crystalline lattice. 
This is problematic because when the forces acting on atoms are calculated the 
interactions between all the atoms in the computational box and all the translational 
images need to be taken into account. It is necessary therefore, to find some method 
of simplifying an infinite lattice sum. In Cerius2 there are three methods available for 
doing this: 
The Ewald summation is a technique for calculating the interaction between an 
atom and its periodic images. 39  We decided not to use this approach as it was 
more computationally demanding than the other methods. It has also been 
argued that although this is suited to modelling ionic systems when applied to 
the simulation of liquids it tends to exaggerate the artefact of the system 
periodicity. 16 
DIRECT method. Here a radial cutoff distance (r e) is applied. Beyond this 
distance the interaction with other atoms is ignored. The disadvantage with 
this method is that the truncation of the potential at the cut-off distance creates 
errors in the force calculations and consequently in the velocities. 
16 
SPLINE. This is similar to DIRECT in that a cutoff radius is applied, beyond 
which interactions are ignored. The difference is that the transition is 
smoothed by multiplication of the potential by a polynomial sometimes termed 
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a "switching function", which is applied from a distance r up to the cut-off 
radius r. The form of the function used in Cerius2 was not available in the 
software documentation although the requirements of the function are that: 
at the cut-off distance (r e) the function will have a value of 0, 
at the cut-off distance (r e) the first derivative will be 0, 
at the "spline on" distance (r) it will have a value of 1, 
at the "spine on" distance (re) the first derivative will be 0. 
1617 
The use of a "switching function" can be problematic if applied to groups of polar 
atoms in uncharged molecules, e.g. a carbonyl group, as it will distort the monopole - 
monopole interaction in the switching range. A more satisfactory method of handling 
the electrostatic interactions in this case is the concept of the charge group where the 
spline function is applied equally for all the atoms in the group. This methodology is 
not available within Cerius2. 
The SPLINE method was chosen because it was less computationally demanding and 
does not have the problems of exaggerated periodicity associated with the EWALD 
technique and does not have the problems associated with the sharp cutoff associated 
with the DIRECT cutoff. 
One method of simplifying the lattice sum is the minimum image convention where r 
was chosen so that interactions were calculated between atoms in the computational 
box and the atoms contained in its immediate neighbours. The advantage of this 
method was that it allowed the use of a relatively small computational box, although 
this is regarded as the least accurate method of carrying out simulations of liquids 
because of the periodicity imposed on the interactions between atoms. 40 
The default settings for PCFF were to have the spline function applied over the 
interval 11 A to 14 A. This required the dimensions of the computational box (section 
3.5) to be greater than 28 A. This proved to be problematic as the simulations took an 
unfeasible time to run on our computer. It was necessary therefore to shorten the 
cutoff radius to 9 A and to apply the spline function over the interval 8.5 A to 9 A. 
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3.4.3 Molecular Dynamics 
Molecular Dynamics allows the different low energy configurations accessible to the 
system to be searched by simultaneously integrating Newton's equations of motion 
(Equations 3.6 and 3.7) for every atom in the system. 
d2r1(t)Idt2 =m 1 F 	 Equation 3.6 
F1 = - V(r1  ..... rN)I 5ri 	 Equation 3.7 
The force on atom i is denoted by F1 and time is denoted by t. The simulation 
requires calculation of the potential energy V(r) which is a function of the atomic 
coordinates Ti. The derivative of the potential energy surface gives the forces on the 
atoms. The integration of Equation 3.6 is performed in small time steps At, typically 
1 fs. 
The kinetic energy in the system during the simulation allows it to cross energy 
barriers that are of the order of kbT (2.5 U mof) per degree of freedom. By 
increasing the temperature it is possible to search a larger part of configurational 
space. 
3.4.3.1 Calculation of position and velocity using the leapfrog algorithm. 
In Cerius2 the integration of the first time step is performed using the Verlet 
Algorithm and then the Leap-Frog Algorithm for all the subsequent time steps. 41 ' 42 
Equation 3.6 may be written as ( Equation 3.8 and 3.9) two first order differential 
equations for the velocities, v1 and the positions, r. The forces on the atoms F1 are 
obtained from the potential energy of the system (Equation 3.4) and are dependent on 
the arrangement of atoms in the system at that particular time. The Leap-Frog 
Algorithm can be derived from Equations 3.8 and 3.9 using the Taylor series 
(Equation 3.10) where a function f (x) is expanded at the point x = a. 
dv1(t)/dt = m 1 'F1 ({r(t)}) 
	
Equation 3.8 
dr1(t)Idt = v i(t) 
	
Equation 3.9 
f(x) =f(a) ±f '(a)(x-a)/I! + f"(a)(x-a)2/2! +.....±f" (a)ft-a/'/n! Equation 3.10 
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Expansion of Equations 3.8 and 3.9 at time t = tn and t= t + At gives Equations 3.11 
and 3.12 which form the leap-frog scheme. The name arises from the way that the 
positions and the velocities "leap" over each other as they are calculated At/2 apart.: 
v 1(t + At/2) = v(t - At/2) + m 1 'F1({r1(t)}) 	 Equation 3.11 
r1(t + at) = r 1(t) + v 1(t0 + At/2) At 	 Equation 3.12 
The time step At is limited by the highest frequency motions occurring in the system, 
typically bond length vibrations. By applying constraint algorithms such as SHAKE 
or RATTLE where the atoms are moved iteratively to satisfy constraints it is possible 
to freeze uninteresting, high frequency properties such as bond lengths. This allows a 
larger step size, At which makes the calculation less demanding. 16,43,44  This 
methodology is unavailable to us in the Ceriu52 Molecular Dynamics module. In all 
of the simulations in this thesis the default setting of 1x10 3 PS was used for the step 
size. 
3.4.3.2 Molecular Dynamics - control of temperature 
Performing molecular dynamics by integrating Equations 3.6 and 3.7 gives 
simulations under conditions of constant volume and energy (NVE), as the total 
energy of the system is conserved. In this work Molecular Dynamics, (MD) 
simulations have been performed firstly (section 3.5) under conditions of constant 
volume and temperature (NVT) and secondly (section 3.6) under conditions of 
constant temperature and pressure (NPT). Under these conditions of constant volume 
and temperature, it is necessary to impose external constraints or restraints on the 
system to absorb the heat produced by irreversible processes. In Cerius2 there are 
three methods for doing this: 
1) Constraint methods where the atomic velocities are resealed periodically so that 
the desired temperature (To) is achieved. The velocities are multiplied by 
[T0/T(t)]' where T(t) is defined as in Equation 3.13 
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Where Ndf is the number of degrees of freedom. 
Extended System Methods in Cerius2 there are two possible methods available for 
this. Nose 45 and Hoover 46  both involve the addition of an extra term (5) to the 
atomic degrees of freedom to represent coupling to a heat bath. In the Nose 
method two extra terms representing a potential energy term and a kinetic energy 
term for this extra degree of freedom are added to the Hamiltonian. The kinetic 
energy term is (112)m(dS/d7) 2 and represents heat flowing back and forth to a 
heat bath with the coupling controlled by the constant m 5. The disadvantage of 
this method is the spurious energy fluctuations that are dependent on the coupling 
MS. 
The method used for our work was a weak coupling method identified in Cerius2 
as T_DAMP. In this method the equations of motion (Equations 3.6 and 3.7) are 
modified so that the system temperature T(t) relaxes towards the target 
temperature T0 (see Equation 3.14). 47 
dT(t)idt =TT L I o - 7i)] 
	
iquaIIun ..i. i 
Here 'r represents the temperature relaxation time and can be adjusted to be 
sufficiently weak (large r, ) to avoid disturbing the system while being strong enough 
to achieve the desired result (small t1 ). 
The kinetic energy is changed by AEkin in an MD time step of length At by scaling all 
the atomic velocities u 1  by a factor A. By using Equation 3.13 it is possible to get 
Equation 3.15. 
L\Ekj = (A - 1)1/2NkB7(r) 
	
Equation 3.15 
If the heat capacity per degree of freedom is donated by CVdf  then the change in 
energy arising from the change in energy AEk m (Equation 3.15) leads to a change in 
temperature (Equation 3.16) which should be equal to that determined by Equation 
3.4. So solving Equation 3.16, 3.15 and 114 for A gives Equation 3.12. 
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AT= [NjrCP] AEkin 	 Equation 3.16 
= [1 + CV (kn/2)' At tt
1 (Tolflt)1)] 112 	 Equation 3.17 
The heat capacity per degree of freedom CV ' is an adjustable parameter and the 
temperature is controlled by scaling of atomic velocities. 
3.4.3.3. Molecular Dynamics control of Pressure 
For control of pressure there are three distinct methods that are based on similar 
principles to the methods for temperature control: constraint, extended system and 
weak coupling methods. For an isotropic, cubic system where the pressure is a scalar 
defined by Equation 3.18, here V denotes the volume of the computational box and E 
is the virial defined as in Equation 3.19. The summation is carried out over all the 
atom pairs i,J, where r 1 is defined as r - r and F1 is the force on atom i due to atom j 
P = 21(3k) [E - 	 Equation 3.18 
Equation 3.19 
In all three methods the pressure change is affected by scaling the volume of the box 
and by changing the virial by scaling the intermolecular distances. In this work the 
weak coupling method was used to control the pressure. 47  Here the atomic equations 
of motion are modified so that the net result on the system is first order relaxation of 




If the atomic coordinates ri and the edges of the computational box are scaled by a 
factor p then the resulting volume change (AV) is given by Equation 3.21. 
AV= (1 3  - 1)V 
	
Equation 3.21 
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The pressure change (tiP) resulting from this change in volume is given by Equation 
3.22, where fir is the isothermal compressibility of the system. 
AP = (uirV)'AV 	 Equation 3.22 
Solving the Equations 3.20, 3.21 and 3.22 for p gives Equation 3.23 
p = [1-fittt(P0-P(t))] 	 Equation 3.23 
In our work we make use of the anisotropic form of the method where the pressure 
becomes a tensor (Equation 3.24) 
P = I/ V {miviviT  +ErjjFjj T } 	 Equation 3.24 
Here V is given by a.bxc where a, b and c are the vectors defining the lengths of the 
computational box and vectors are column vectors unless transposed to give row 
vectors. 
3.4.3.4 Neighbour list techniques 
Calculation of the forces on an atom due to non-bonded interactions requires 
identification of atoms within the cut-off radius r. Instead of searching over all the 
atoms in the computational box at every MD time step it is more efficient to use a list 
of neighbour atoms. In this the potential cut-off (of radius r) is surrounded by a 
"skin" of thickness 1 A. At the first step of calculation a list is complied of the atoms 
inside the outer skin. During subsequent steps only the atoms on the list are used for 
the calculation of non-bonded interactions. The list of neighbouring atoms is 
compiled every 10 steps. The method relies on the "skin" outside the cut-off radius 
being of sufficient thickness to prevent atoms not on the list encroaching inside the 
cut-off' 6 
3.5 Development of NVT simulations to study the behaviour of ester molecules at 
a goethite surface 
The purpose of this work is to interpret the experimental observations of friction 
reduction by 1 -mono-oleyl glyceride, 1 ,3-di-oleyl glyceride and tri-oleyl glyceride in 
light of their structure. It was important that the simulation methodology allowed 
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investigation of the interaction proposed by Beltzer et al. (discussed in section 3.1) to 
be important for friction reduction. In terms of simulation time it was necessary to 
restrict the size of the system so that there are as few unique atoms as possible in the 
system. 
In previous work in this group the modelling of surface interactions has involved 
static interactions with defined connectivity corresponding to a classical system at 0 
Kelvin. In this work it is assumed that the interactions that are important for friction 
reduction are hydrogen bonding, electrostatic and van der Waals interactions, rather 
than covalent bonds. It was intended to study at systems at finite temperatures, where 
it was necessary to look at average properties over time. 
3.5.1 Development of NVT simulations to.study the behaviour of glycerol esters 
at goethite. 
Goethite (a-FeOOH) was chosen to represent an oxidised steel surface because the 
surface functionalities of iron oxide are hydroxyl groups and because goethite is one 
of the more stable iron oxide hydroxides and is the one of the more common end 
products of corrosion and transformation . 48 Default atom types were assigned to 
crystalline goethite which was then was cleaved parallel to the bc plane to generate a 
10 A thick 2D periodic surface cell of dimensions ü9.953, v=3.024 and 9=90°. This 
surface had hydroxyl groups perpendicular to the plane of the surface. Any 
"dangling" functionalities were deleted. The stoichiometry of the resulting surface 
was H:O:Fe 1:2.25:1 and so it was necessary to scale the partial atomic charges using 
the Charge Equiibriation module to give a net charge of zero. A crystalline lattice 
was generated using the crystal builder module in Cerius2. A "super cell" was 
constructed from this with the a and b axes as integral multiples of the unit cell 
lengths of crystalline goethite. In order to simplify the calculations the positions of 
the atoms in the goethite lattice were constrained. 
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Figure 3.21 Snapshot of a simulation involving a single ester molecule. Unless otherwise stated Fe 
is shown in green, 0 in re(L C in grey and H in light brown in this chapter. 
The initial approach involved looking at the interaction between a single ester 
molecule and goethite (Figure 3.21). This methodology was abandoned because it is 
unable to take into account the intermolecular interactions between ester molecules. 
which were proposed by Beltzer et al. to be important for friction reduction 
.4-5.6,7  It 
was decided to attempt to model a film consisting only of ester molecules at an 
interface with goethite. 
The initial attempt involved creating a periodic computational box of dimensions a = 
28.859 A, b= 27.21 A, c = 50 A, a = 13 = = 900. The base was generated by building 
up a super cell from 27 cleaved surface cells of crystalline goethite. At this stage the 
cut-off radius for non-bonded interactions was 14 A and so the axis lengths had to be 
greater than 28 A. 
In modelling a film there were three choices: 
start from the assumption that a film is formed and set up the initial model so 
that the fatty ester molecules were already on the surface and allow the system 
to evolve during molecular dynamics simulations and observe the presence or 
absence of stabilising interactions, for example hydrogen bonds, 
start with a random distribution of solvent and ester molecules and allow the 
film to form during the simulation and then observe the intermolecular 
interactions, 
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3) start with the initial conditions the opposite of what the expected outcomes 
were. In this case the hydrocarbon solvent would be close to the goethite 
surface and the esters arranged in the bulk phase away from the surface. 
It was believed that only 1) was feasible approach. Modelling of the movement of 
ester molecules from the bulk to a surface is only possible in desktop molecular 
dynamics simulations at very low densities, more consistent with the conditions found 
in the gas phase where the interactions proposed to responsible for friction reduction 
by Beltzer et al. are absent and the approaches 2) and 3), therefore, do not yield any 
useful information. 4,5,6,7 
The unit cell was packed with ester molecules and then the energy of the structure was 
minimised. A short simulated annealing MD run of 32 Ps followed by an 
equilibriation run of 10 Ps at 300 K was used to bring the energy of the system to a 
sensible level. After this the energy of the model was then minimised. It was decided 
to look at the behaviour of the ester molecules that were hydrogen bonded to the 	- 
surface. A summary of the results of the simulations is given in Table 3.8. 
1-mog 12-dog tog 
Conditions NVT NVT NVT 
Density of organic region g cm -' 0.66 0.57 0.54 
Number of molecules per cell 36 18 12 
Number of surface H-bonded molecules 23 6 2 
per unit cell  
Number of atoms 3258(3240) 3006(2088) 2922(2004) 
number of movable atoms)  
Orientation of molecules perpendicular perpendicular and parallel N/A 
packing good poor N/A 
re inter-molecular hydrogen bonds no No 
observed? 
yes 
Table 3.8 Summary of the analysis of the simulations of oleyl glyceride esters 
The orientations of the 1-mog, 1,2-dog and tog molecules are shown in Figures 3.22, 
3.23 and 3.24 respectively. 
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Figure 3.22 Orientation of surface hydrogen bonded 1 -mog molecules viewed along the a axis. 
Molecules not hydrogen bonded to the goethite surface have been omitted. 
Figure 3.23 Orientation of 1.2-dog molecules viewed along the a axis. Molecules not hydrogen 
bonded to the goethite surface have been omitted. 
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Figure 3.25 Hydrogen bonded 1 -mog molecules viewed along the c axis. Atoms are shown as van 
der Waals radii spheres and the goethite surface is coloured yellow and is largely obscured. 
Molecules not hydrogen bonded to the goethite surface have been omitted. 
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Figure 3.26 Hydrogen bonded 1.2-dog molecules viewed along the c axis. Atoms are shown as 
van der Waals radii spheres and the goethite surface is coloured yellow. Molecules not hydrogen 




Figure 3.27 Hydrogen bonded tog molecules viewed along the c axis. Atoms are shown as van der 
Waals radii spheres and the goethite surface is coloured yellow. Molecules not hydrogen bonded to 
the goethite surface have been omitted. 
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In Figures 125, 3.26 and 3.27 the surface is viewed along the c axis. The atoms are 
displayed as van der Waals radii spheres and the atoms forming the goethite surface 
have been coloured yellow. 
Figure 3.28 Repeating nature of the 3D periodic model. Only one of the two accessible 
faces of the goethite surface is covered. 
While this methodology gives results that are in agreement with Infineum's 
experimental data, it is deficient in that the simulation periods are too short ( 
simulations in related work in the literature 49 are of the order of 1000 ps), there is no 
solvent present in the simulations and only one of the two accessible surfaces is 
included in the simulation (Figure 3.28). The length of the simulation was 
problematic for us as the tog simulation took approximately I ps per hour to run. 
From discussions with Infineum it was believed that the interaction between tail 
groups and solvent molecules were important and must therefore be included in the 
models. 
The next stage was to build a more relevant model containing fewer atoms to make it 
more practical run on a SGi Octane with a single 250 MHz processor. In order to do 
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this a smaller computational box of dimensions a =19.906 A., b= 18.144 A, c=40 A 
fl90° was employed. In order to reduce the size of the ester molecules it was 
decide to substitute the oleyl moiety with an octanoyl. Hexane was chosen as a model 
for the C 30H62 PA06 solvent because of its small size. 18 hexane molecules were 
added as a model solvent. 18 1-mono octyl glyceride molecules (1-moctg) were 
added to one model (see Figure 3.29) while 8 tri octyl glyceride (toctg) esters were 
added to the other. The models now more closely resembled the region between two 




Figure 3.29 A snapshot from a molecular dynamics simulation of I -moctg (technicolour) and 
hexane. Hydrogen bonds are shown as dashed blue lines. 
An intial annealing cycle of 180 ps was followed by an equilibriation period of 120 ps 
at 700 K. It was decided that this approach had two drawbacks. Firstly, breaking the 
simulation into two short runs made it hard to decide if the system has equilibrated or 
not and secondly the a and b cell dimensions are less than half the PCFF cut-off 
radius. It was impractical to make the computational box larger and so it was 
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Time (Ps) 
Figure 3.30 Potential energy plot of 1-moctg simulation. shown in Figure 3.28 
The potential energy profile of a 300 Ps simulation of a cell containing 18 1-moctg 
and 18 hexane molecules is shown in Figure 3.30. It was decided from this that 300 
PS was too short as the potential energy was still decreasing at the end of the 
simulation. The work from this point on involved performing the MD simulation and 
following the potential energy profile as a function of simulation length. The system 
was deemed to have equilibrated when the potential energy profile was flat. 
?21 	 021 
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Scheme 3.1 Numbering scheme for the non-hydrogen atoms in (A) 1 -monooctvl glycerol (1 -moctg) 
and (B) 1.3-dioctyl glycerol (1,3-doctg) used in this chapter. Hydrogen atoms on carbons are 
numbered with a letter following the number of the preceding carbon, thus the hydrogen atoms on 
C2 are H2A and H213. Hydrogen atoms on oxygen atoms use the same number as the parent atom 
so the hydrogen on 021 is named H21. 
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The next step was to perform simulations that were long enough so that the 
simulations were able to reach equilibrium and contained equal numbers of 1-moctg 
and 1,3-doctg molecules so that comparisons could be made about their respective 
surface activities. The c axis was varied to make the models the same density. The 
potential energy of the systems was plotted as a function of time and used to decide if 
the system was equilibrated. 
Two models were constructed (Table 3.9) containing equal numbers of l-moctg and 
1,3-doctg molecules using the numbering system illustrated in Scheme 3.1, 
equivalent density with the same surface area of goethite available to them. The 
models were created by manually setting the torsion angles in the ester molecule tail 
groups to 180° and placing them at the goethite surface. The positions of the atoms 
making up the goethite were constrained. After this the energy of the model was 
minimised. An initial molecular dynamics run of 2 ps at 1400 K was carried out 
under constant NVE conditions with the velocities being rescaled every 0.5 Ps, after 
which the energy of the model was again minimised . 50 Following this we performed a 
single molecular dynamics run on the two systems described in Table 3.9. 
Filename lmoctgl5 1004 doctg05 1004 
Conditions NVT NVT 
cell dimensions a b, c (A) 19.906, 18.1434, 50.0 19.906, 18.1434, 61.0, 
a, fi, y(°) 90, 90, 90 90, 90, 90 
Density of organic region g Cm 3 0.91 0.93 
Solvent 24 hexane molecules 24 hexane molecules 
Ester 24 1-moctg molecules (12 on 24 1,3-doctg molecules (12 on 
each face of the mineral surface) each face of the mineral surface) 
no of atoms (number of 1840(1512) 2232(1920) 
movable atoms)  
Simulation conditions NVT NVT 
Temperature (K) 700 700 
run time(ps) 1200 1200 
Real Time 8 days 10 Days 
Table 3.9 Details of the simulation of 1-moctg and 1,3-doctg. 
The atomic positions and velocities for each of the simulation were written to a 
trajectory file every 1000 steps (1 ps). Analyses of the potential energy in the 
trajectory files are shown in Figure 3.31 and Figure 3.32 respectively. In the 1-moctg 
model the potential energy drops rapidly for the first 200 Ps before declining gently 
between 200 Ps and 800 Ps. It was decided to deem the system equilibrated after the 
first 1000 Ps and study the system over the final 200 ps. The 1,3-doctg system 
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appears to equilibrate more slowly although the potential energy appears to drop 
rapidly at the outset and it is still decreasing over the last 200 Ps which we studied. 
The fluctuations in the potential energy (Figures 3.31 and 3.32) could arise from a 
number of sources. In molecular dynamics simulations the potential energy is 
generally expected to fluctuate. 16  Berendsen el al. reported fluctuations of 
approximately 30 kJ mol4 in the potential energy of a system of 216 water molecules 
when the weak coupling thermostat was employed to control the temperature. 47 In 
order to ensure that the trajectory files were of a manageable size the details of the 
simulations presented here were only written to trajectory file once per thousand 










Figure 3.31 Potential energy profile of the 1 -moctg 151004 simulation 
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Figure 3.32 Potential energy profile of the doctg05 1004 simulation 
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Figure 3.33 Average density profile calculated at 50 Ps intervals associated with the doctg05 1004 
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Figure 3.34 Average density profile calculated at 50 ps intervals associated with the 
1 moctg 151004 system. The 1 -moctg density is shown in blue while the hexane density is shown 
in black. 
Analysis of the density due to ester and hexane respectively for each of the two 
systems (Figures 3.33 and 3.34) gives fairly similar results. In both there was a 
relatively high density near the metal surface due to the head group and a region of 
overlap of hexane and ester due to mixing of the tail groups and the solvent. 
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Figure 3.35 Histogram showing the distribution of C-C-C-C torsion angles in 1,3-doctg molecules over 
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Figure 3.36 Histogram showing the distribution of C-C-C-C torsion angles in 1-moctg molecules over 
the final 200 ps of the lmoctgl5 1004 molecular dynamics simulation. 
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(A) 	 (B) 
Figure 3.37 illustration of (A) C2->C18 tail length vector and angle to ab plane in 1-moctg and (B) 







Tail Length A 
Figure 3.38 Histogram showing the distribution of C2 -> Cl 8 distance in I -moctg molecules over the 
final 200 Ps of the 1 nioctg 151004 molecular dynamics simulation. 
Examination of the conformation adopted by the different torsion angles in the ester 
molecules shows that both molecules adopt similar conformations for related torsion 
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angles (Figure 3.35 and Figure 3.36) although it is notable that the distribution of 
torsion angles in this case is much broader than would be expected for the 
distributions in crystal structures. This is largely what would be expected from a 
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Figure 3.39 Histogram showing the distribution of C2-> C18 and C2-> C38 distances in 1,3-doctg 
molecules over the final 200 ps of the doctg5 1004 molecular dynamics simulation. 
We defined (Figure 3.37) the distance between the central atom (C2) and the last atom 
in the tail group (C18 in 1-moctg and C18 and C38 in 1,3 doctg) as a vector in an 
attempt to quantify the orientation and length of the ester molecules. The 
distributions of lengths and orientations of these vectors are shown in Figures 3.38, 
3.39, 3.40 and 3.41 respectively. 
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Figure 3.40 Histogram showing the distribution of angles with the ab plane made by the C2->C18 
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Figure 3.41 Histogram showing the distribution of angles with the ab plane made by the C2->C18 and 
C2->C38 vectors of the 1,3-doctg molecules over the final 200 Ps of the doctg5 1004 molecular 
dynamics simulation. 
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Figure 3.42 Histogram showing the distribution of angles between the C2->C18 and C2->C38 tail 
vectors in I ,3-doctg molecules over the final 200 Ps of the doctg5 1004 molecular dynamics simulation. 
It is notable that the average length of the C2-> C18 and C2-> C38 vectors is longer 
for the 1,3-doctg molecules than for the C2->C18 vector in the 1-moctg molecules. 
This is probably due to the incomplete coverage of the surface by the 1-moctg 
molecules which allows less efficient packing of the tail groups. It is interesting to 
see (Figure 3.42) that there is always an angle between the C2->C]8 and C2->C38 
vectors in the I ,3-diester molecules which gives them a "forked" shape. 
Visual inspection of the interactions made by the l-moctg molecules shows that 12 
and 10 ester molecules form hydrogen bonding interactions with the upper and lower 
surfaces of the goethite respectively while 7 and 8 molecules of I ,3-doctg are 
involved in hydrogen bonding interactions with the upper and lower surfaces. 
For both 1-moctg (Figure 3.43(A)) and 1,3-doctg (Figure 3.43(B)) the hydroxyl 
groups on the goethite surface act principally as hydrogen bond donors to the ester 
molecules. It is seen that for the l-moctg molecules there are more hydrogen bonds 
made with keto oxygen atoms hydroxyl groups in neighbouring ester molecules 
(shown in blue in Figure 3.43). 
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(A) 	 (B) 
Figure 3.43 Snapshot from of the simulations showing examples of the hydrogen bonded interactions 
made by the head groups of (A). 1 -moctg and (B). 1.3 -doctg at the goethite surface. Hydrogen bonds 
are shown as dashed blue lines. Atoms in neighbouring ester molecules that are involved in hydrogen 
bonding are shown in blue. 
Snapshots from the molecular dynamics simulations for 1 -moctg (Figure 3.44 (A) and 
1,3-doctg (Figure 3.44 (B) ) looking at the hydrogen bonds formed show that there are 
significantly more intermolecular hydrogen bonded interactions occurring between 
the head groups of I -moctg molecules than between the head groups of the 1 ,3-doctg 
molecules. It is also seen that in films of l-moctg molecules the hydrogen bonds give 
chain like arrangements while when intermolecular hydrogen bonds do occur in 1,3-
doctg they give rise to dimers. 
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Figure 3.44 Snapshots from molecular dynamics simulations showing intermolecular hydrogen 
bonded interactions between (A) I -moctg and (B) 1.3-doctg molecules at the goethite surface. Atoms 
and interactions with atoms other than those in the "head group" have been omitted for clarity. 
3.5.2 Discussions of NVT simulations 
The simulations have shown the following differences between 1-moctg and 1,3-
doctg 
the 1-moctg molecules are columnar while the 1,3-doctg molecules adopt a 
"forked" shape, 
I -moctg molecules occupy a smaller area at the goethite surface than 1,3-
doctg, 
1 -moctg is able to introduce more hydroxyl groups into a smaller volume than 
1 ,3-doctg, and 
in 1-moctg a "network" of intermolecular hydrogen bonds is formed while 
intramolecular hydrogen bonds are prevalent in 1,3-doctg. 
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The arrangement of hydrogen bonds in the 1-moctg simulations is consistent with the 
tendency of hydroxyl groups to simultaneously accept and donate hydrogen bonds, 
which has been shown to give rise to chains and helices in the crystal structures of 
sterically unhindered primary alcohols. 5 ' A film of 1-moctg molecules with an 
extended network of hydrogen bonds would be expected to be more stable than a film 
of 1,3-doctg molecules where hydrogen bonding is limited to intramolecular and 
dimeric interactions. 
Using the arguments of Beltzer el at molecules related to I -moctg would be expected 
to give a lower friction coefficient than those related to 1 ,3-doctg. 4' 5 ' 6' 7 This is in 
agreement with the experimental data collected by Infineum. 
It has been shown that it is possible to use a molecular dynamics based methodology 
to investigate the relationship between structure and activity of organic friction 
modifiers. This is important because although their friction-reducing ability can 
readily be measured it is currently very difficult to investigate how the molecules are 
orientated and interact both with each other and with the surface being lubricated. 
This methodology could be used for the design of a series of new additive molecules. 
(A) 	 (B) 	 (C) 
Figure 3.45 The effect of (mis)matching head and tail group sizes. 
It would be interesting in future work to investigate the effect of different sizes of 
head and tail groups for the molecule on surface coverage and film formation. In 
Figure 3.45 (A) the tail groups are bulky and the methodology presented in this 
chapter would show that they prevent stabilising interactions between the head 
groups. In Figure 3.45 (B) the tail groups are columnar and pack efficiently. It 
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should be possible to show that this allows the formation of intermolecular hydrogen 
bonds between the head groups of neighbouring molecules and van der Waals 
interactions between tail groups which give a stable surface film and good friction 
reduction. In Figure 3.45 (C) the cross-sectional area of the head group is 
significantly larger than the hydrocarbon tail and although stabilising interactions 
between ester head groups are formed the packing of the tail groups is inefficient. It 
should be simple to demonstrate that this prevents the intermolecular van der Waals 
interactions necessary for friction reduction and a stable film. 
It was seen that the methodology was limited as changes in the dimensions of the 
computational box (Figure 3.46) were not possible so the coverage of the surface by 
molecules is incomplete. In the 1-moctg simulation (Figure 3.44 (A)) it is seen that 
the coverage of the surface by the monoester molecules was incomplete suggesting 
that it would be possible to fit more molecules onto the surface. In order to study the 
packing and the intermolecular interactions between ester molecules further it was 
decided to carry out further molecular dynamics simulations although this time under 
conditions of constant pressure and temperature. 
Figure 3.46 Representation of the formation of a contiguous film by shortening of the axis lengths 
of the computational box 
3.6 NIPT simulations to study the packing and intermolecular interactions 
between ester molecules in a film. 
This methodology has been used by biophysicists in the study of lipid bilayers. The 
lipid membrane simulations were carried out under conditions of constant pressure 
and temperature (NPT) on a bilayer of molecules. 44,43  It is possible to calculate the 
average area occupied by each lipid molecule under these conditions. 
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This work was an extension of the simulations carried out in section 3.5 under 
conditions of constant volume and temperature. Here the objectives were to perform 
simulations under constant pressure and temperature to study the packing and 
intermolecular interactions of ester molecules in a film and to make quantitative 
estimates of the area occupied at the interface by the l-moctg and 1,3-doctg 
molecules. The limitations of PCFF in terms of underestimating densities in 
molecular dynamics simulations at finite temperatures have been reported 
previously. 19 These errors arise because although the experimental data used to derive 
the parameters for the force field were obtained at finite temperature the parameters 
were developed based on static simulations corresponding to a classical state at OK. 
Although the surface areas occupied by 1 -moctg and 1 ,3-doctg are calculated it is the 
relative differences that are of interest. 
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3.61 NPT simulations of 1-moctg and 1,3-doctg 
The systems described in Table 3.10 were built and minimised. The ester molecules 
were arranged in a bilayer with the hydrophilic head groups of one layer interacting 
with those in the layer below (Figure 3.47). The bilayers were separated by hexane 
solvent molecules. This "bilayer" arrangement was chosen to investigate the packing 
of the ester molecules at a hydrophilic surface. It would not have been feasible to use 
a crystalline substrate as changes in the cell dimensions a, b and 1  to allow closer 
packing of the ester molecules would be impossible. The use of a molecular liquid 
such as water was considered but this would be inappropriate as there was a 
significant possibility that the head groups of the ester molecules would become 
buried in the water and would not interact with each other. This situation would not 




Figure 3.47 Setup for NPT simulations. One computational box is shown together with the part of 
one immediate neighbour. 
The hexane and ester molecules were arranged with their major axis perpendicular to 
the ab plane and the C-C-C-C torsion angles were set at 180°. Care was taken to 
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ensure that all lengths of the sides of the computational box exceeded 18 A. Initial 
MD runs of 7.5 Ps at 1400 K under NPT conditions using the Berendsen weak 
coupling thermostat to maintain temperature and pressure were performed. 47 
Following this the temperature of the bath was reduced to 300 K and molecular 
dynamics simulations were performed with the aim of equilibrating the system. The 
positions and velocities of the atoms in the system were written to a trajectory file 
every 1000 steps (1 ps). We have analysed the potential energy and volume of the 
two systems over the course of the simulations in order to ascertain whether or not the 
system had equilibrated. 
Model ImoctgO2l2O4_3 13doctg061204_3 
conditions NPT NPT 
Solvent 32 hexane 24 hexane 
Solvate 32 l-moctg 24 1,3-doctg 
final density/ g cm 3 0.92 0.91 
Number of atoms in the 
computational box  
1820 1920 
Length of simulation ps 
(real time) 
3000 
(approx. 1 month) 
3000 
(approx. 1 month) 
Table 3.10 Details of the NPT simulations for l-moctg and 1,3-cloctg. 
The potential energy and profiles for the lmoctg021204_3 and lmoctgO61204_3 
simulations are shown in Figure 3.48. In both 1-moctg and 1,3-doctg there was an 
initial rapid drop in potential energy, in part due to the transition from 1400 K to 300 
K temperature. After this there was a longer, much slower drop in potential energy. 
Our concern is whether the simulation has sampled enough phase space to enable the 
average area occupied by each ester molecule at the interface to be calculated. A 
closer inspection of the l-moctg and 1,3-doctg potential energy profile shows that the 
energy is actually still slowly decreasing, even after 3000 ps. However we believe 
that the simulations have been extensive enough to give a reasonable estimate of the 
relative areas occupied by the 1-moctg and 1,3-doctg molecules and owing to time 
constraints it is not practical to run them for longer. 
The lengths of, and the angles between, the edges of the computational box are shown 
over the course of the 'simulation in Figures 3.49 and 3.50. It is apparent that there is 
very little change in a, b, and y  over the course of the simulation. The consequence of 
this is that the area of the interface, and hence the average area occupied by each 1- 
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moctg or 1,3-docig molecule (Figure 3.51) remains unchanged. The change in c, u 
and 13 corresponds to more efficient packing of the hexane solvent molecules and the 
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Figure 3.49 Profile of the side angles of the computational box in 1 moctg02 1 204_3 and 
1 3doctg60 1 204_3 simulations. 
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Figure 3.50 Profile of the side lengths of the computational box in I moctg02 12043 and 
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Figure 3.51 Profile of the average area at the interface per ester molecule in Imoctg021204_3 and 
1 3doctg6O 1 204_3 simulations. 
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The average surface areas per molecule were calculated as an average over the last 
100 ps of the simulation and are presented along with a snapshot of the hydrogen 
bonded interactions between 1 -moctg and 1 ,3-doctg "head groups" in Table 3.11. 
From this it is possible to see that 1,3-doctg molecules occupy approximately 2 times 
more area at the interface than the 1-moctg molecules and are limited in their ability 
to form intermolecular hydrogen bonds with each other. We believe that this has an 
significant effect on surface activity and friction modification properties as it reduces 
the stability of the adsorbed film. 
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Solvate Average Area per 
moiecuieA2  
Hydrogen bonded snapshot at 300K 




now (i 4 (1 	
) 
Na 
1.3-doctg 46.13  
Table 3.11 A summary of the average area surface are occupied by 1-rnoctg and 1.3-doctg in the NV! 
simulations and a snapshot showing the lateral interactions between head groups in the ab plane. 
The apparent stability of the area occupied by each ester molecule (Figure 3.51) was a 
concern. In order to establish that this was not a local minimum it was decided to take 
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the end product of the I -moctg simulation and try simulated annealing. In this the 
temperature was incrementally raised from 300 K to 1500 K and then gradually 
lowered to 300 K over 500 Ps. The intention was that raising the temperature would 
allow any potential energy barriers such as the stable arrangement of hydrogen bonds 
between the I -moctg head groups to be crossed. There was very little change in the 
area (approx. 1%) occupied by the ester molecules (Figure 3.52). The disadvantage of 
this method was that the c axis became vastly elongated as it was dependant on weak 
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Figure 3.52 Area occupied by 1-moctg molecule vs temperature in lmoctgO8O2O5 simulation. 
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Figure 3.53 DPPC di palmitoyl phosphatidyl choline. 
We are aware of work in the literature where the bulk properties of molecules are 
sensitive to the cut-off radius used for the non-bonded interactions. Vattulainen el al. 
studied 52  the effect on the bulk properties of using different cut-off radii of 18, 20 and 
25 A and the particle mesh Ewald technique to treat the non-bonded interactions on 
the bulk properties of a bilayer composed of 128 DPPC (Figure 3.53) and 3655 water 
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molecules over a 20 ns simulation. They reported that even with large cut-off radii of 
25A artificial ordering of atoms occurred in the simulations and that the area occupied 
by each lipid molecule changed with the different cut-off radii. They reported that 
these artefacts were absent when the Particle Mesh Ewald method was used although 
this has limitations associated with exaggerating the periodicity of the system. 17  In 
this work it would be impractical to use Ewald techniques because of the sheer 
amount of computational time involved and at present this level of accuracy is not yet 
necessary. 
3.7 Future Work 
The most appropriate continuation of this work would be to test the sensitivity of the 
NPT simulations to the tail group of the surfactants. This approach would involve 
studying 1-mog (Figure 3.10(A)) and l-msg (Figure 3.54) and would begin by 
obtaining friction data as a function of concentration for each surfactant using a 
methodology similar to that employed by Beltzer et al. and then by carrying out NPT 
simulations similar to those in section 3.6 using l-msg and 1-mog instead of 1-moctg 
molecules and comparing calculated areas per molecule and the observed distribution 
of C-C-C-C torsion angles to investigate the effect of the cis double bond on the 
packing of the tail groups. 
Figure 3.54 1-mono stearyl glycerol (I -msg). 
The methodology should allow design of an oil soluble organic friction modifying 
additive to meet the following criteria: 
the molecule should be as close to linear as possible to allow efficient packing 
and the stabilising van der Waals interactions between the tail groups. 
the head groups should be able to form a large number of intermolecular 
hydrogen bonds with the surface and with neighbouring molecules. 
the functionalities on the head group should not be either acidic or basic in 
order to avoid damaging either steel engine components or polymeric seals. 
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An interesting possibility for further development is to study the effect of shear stress 
on the adsorbed surface film. It would also be interesting to study the affects of 
"confined shear" on the adsorbed films. In this one of the walls of goethite would be 
moved sideways during the course of the simulation. 53 
At the time of writing there were only two structures of 1-alkanoyl glyceride 
molecules in the CSD. 54'55 We believe that as understanding the packing interactions 
and hydrogen bonds between esters is so important to this work then there is a very 
strong argument for investigating the use of in situ crystallisation techniques such as 
the zone refining method developed by Boese et al. as a method to study the structure 
and packing arrangements observed for this type of molecule. 56 
3.8 Conclusions 
We have been able to make to use Molecular Dynamics simulations to carry out 
qualitative analysis of the orientation, hydrogen bonding and packing of 1-moctg and 
1,3-doctg molecules at a goethite surface and have also been able to make quantitative 
estimates or the area occupied by individual l-moctg and 1,3-doctg molecules at an 
interface. Our computational results are all consistent with experimental data and we 
believe that this methodology presents the exciting possibility of being able to 
"screen" candidate molecules for use as organic friction modifiers in engine oils. 
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Chapter 4- Metal salt extractants based on salicylaldoximes 
This chapter describes the crystal structures of a series of complexes of model 
extractants for salts of base metals. These extractants, derived from 
salicylaldoximes, have been analysed to define the modes of binding to the attendant 
anions of the metal salts and to relate these to the experimentally observed efficacy 
as solvent extractants. 
4.1 Introduction to Hydrometallurgical Metal Extraction 
Hydrometallurgy offers a range of extractive techniques that have developed over the 
last four decades as an alternative to pyrometallurgy (smelting).' In hydro metallurgy 
it is possible to employ selective metal complexing agents in the concentration and 
separation processes to recover commercially valuable base metals such as copper, 
nickel or zinc from impure "pregnant leach solutions" containing several metals. 
A commonly used method of separation is to extract the base metal from an aqueous 
feed solution into an organic layer containing the complexing agent. In commercial 
base metal operations kerosene is preferred on grounds of cost and low volatility 
although in other areas, notably the recovery off-block metals ionic liquids are being 
increasingly considered. 2 These solvents, which are comprised of hydrophobic 
cations and anions, offer negligible solubility in water and very low volatility and 
low flammability compared to most other organic solvents. They do, however, 
present a challenge in terms of the transport of metal salts as there is a tendency for 
anions in the feed solution to exchange with the solvent anion. This leads to 
mixtures of anions in downstream processing and to changes in the physical 
properties of the ionic-liquid solvent. 3 
The use of a hydrophobic solvent for the organic phase enables the exploitation of 
supramolecular chemistry based on hydrogen bonding and ion-dipole interactions of 
solutes. The use of this type of interaction has been an important theme in the work 
carried out in our group for devising binding sites for anions in the design of metal 
salt extractants. 4 ' 5 
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4.11 Commercial reagents for metal recovery based on phenolic oximes 
An example of very successful hydrometallurgical extraction is in the recovery of 
metals from oxidic ores. 6 The scheme illustrated in Figure 4.1 now accounts for 
approximately a third of the world's copper production.' 
cuo 	 Cu504 	 cuL2 	 cus04 Cu + yo2 
I LC 
	







+ water  
CuO + H,SO4 	==Z 	CuSO4 + 1-,O 	 Leach 
CIJS04 + 2LH omJ - CuL2( + H6SO4 	 Edration 
CuL2 + H2SO4  == 	CuSO4 + 2LJ-I 	 Step 
CuSO4 + H20 	 Cu + O + H2SO4 	 Betenin 
CuO 	 Cu + 3 02 	 OV8t?JI 
Figure 4.1 A simplified flow sheet and materials balance for the extraction of copper from oxidic 
ores by acidic leaching, solvent extraction, stripping of the complexed Cu 2 ion with acid, and then 
recovery from solution by electrolysis (electrowinning). 
The commercial success of the process arises from the favourable materials balance, 
which is obtained from the use of phenolic-oxime "pH-swing" extractants (see Figure 
4.2) in conjunction with conventional electrolysis.', 6,7 
OH 
R 1 	 OH 
/ 
Figure 4.2 Schematic representation of phenolic-aldoxime metal extractant which functions as a 
monoacid, LH in the reaction sequence shown in Figure 4.1. 
It has been reported  that these reagents form a pseudo macrocylic dimer (Figure 4.3) 
in the solid state. It is believed that this arrangement may be retained in solution and 
the dimeric arrangement is retained in the solid state (Figure 4.3) where hydrogen 
bonds are formed between the two ligands in the complex. The "strength" of the 
extractant and its selectivity can then be related to the goodness-of-fit of the central 
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Figure 4.3 Schematic representation of a hydrogen bonded dimer formed by phenolic oxime metal 
extractants and the corresponding phenolic oxime metal complex showing the pseudo niacrocylic 
arrangement formed by the hydrogen bonds. 
4.1.2 Limitations of phenolic oxime metal extractants 
The pH-swing type reagents have significant limitations in flowsheets to treat certain 
ores where leaching does not consume acid equivalent to the metal extracted. This 
occurs in certain oxidative leaching processes for sulfidic ores. 9 ' 10 Under these 
circumstances it becomes necessary to neutralise the acid which accumulates in the 
front end of the circuit. This leads to an unfavourable materials balance and is 
difficult to operate because metal oxyhydroxides can separate from the solution. In 
this instance it is desirable to transport' the metal as a metal sulfate (Figure 4.4). The 
potential for such reagents is good because the most abundant ores containing base 
metals are sulfides which cannot be acid leached. 




4 II 2s0. 
F.w. 
I- 
MS + 202 	 MSO4 	 Leath 
MSO4 + L gat SO4 Extract 
MLSO4 	 MSO4 + L 	 Strip 
MS04 + H20 	 M + IhO2 + 112804 	Electrowin 
MS + 1120 + 1½02 	 M +113804 	 Overall 
Figure 4.4 Schematic showing extraction and stripping of metal sulfate 
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4.1.3 Reagents for metal salt transport 
The main direction of the work at Edinburgh to develop reagents which transport 
metal salts has been based on using ditopic, zwitterionic ligands for the recovery of 
nickel and copper salts, which, having a net charge of zero, are able to extract both 
the metal and its accompanying anion(s) into a non-polar water-immiscible solvent 
(Scheme 4.1). The zwitteriomc nature of these reagents allows the metal cation and 
attendant anion(s) to be sequentially stripped from the loaded reagent, which can 
then be recycled in the process. H cAAxB> 
H 
+2NH3 - (NH4)2S0\ H  
H 
0> 
'L /+H2SO4 - 
\ 
H 
Scheme 4.1. A schematic representation of the loading of a metal(II) sulfate into the zwitterionic 
form of a ditopic reagent and sequential stripping of the cation and sulfate by pH-adjustment. 
Most of the complexes described in this chapter are related to the commercial 
phenolic oxime reagents. They contain a pendant secondary amine group which can 
be protonated by a phenolic hydrogen atom and are based on complexes of 





Figure 4.5 Schematic representation of the zwitterionic form of a 3-
dialkylaininomethylsalicyaldoxime. All the X-ray structure determinations in this chapter have a 
piperidino group as the pendant amine (R 2)2N, a numbering scheme for which the atom labelling is 
shown in Figure 4.10. 
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The work described in this chapter and in chapter 5 is a logical extension of the 
earlier studies aimed at developing  ditopic ligands (Figure 4.6) that are able to 


















 R 1 __(IOH HO —R' 
R2 —N—H X 2 H— —R2 
R2 
[H2LX] 
Figure 4.6 Representation of ditopic extractants Land their metal salt complexes MLX. Most of the 
solvent extraction studies have been performed using ligands with R' as a tertiary butyl and R 2 as n-
hexyl. The complexes used for crystal structure determination had R' as a tertiary butyl and R 2 
groups have been part of a morpholine or piperidine ring. 4 
It has been found that for ligands with an o-phenylene group as the R 3 bridge Cu2 
was bound extremely strongly and it could only be removed by contacting the loaded 
reagent with very strongly acidic solutions which leads to complete hydrolysis of the 
imine linkages. The "strength" of the metal binding site was "detuned" by 
substituting the o-phenylene link with a 2,2'-diphenyl group. This introduced a twist 
into the ligand, thus reducing the planarity of the N2022 donor set and making it 
possible to recover the copper without destroying the ligand.' 1 There is one example 
of this type of structure discussed in this chapter although it has been partially 
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The selectivity of anion binding relates directly to the differences in pH 1 !2 values for 
the "loading" of the anions (Figure 4.8). In general the bis-salicylaldimine ligands 
(Figure 4.7) show selectivity for chloride over sulfate retaining these anions when in 
contact with aqueous solutions at higher pH (Figure 4.8). This is what would be 
expected from the Hoffmeister series which first defined the lipophilicity of 
inorganic anions and more recently has been described more quantitatively as the 
"Hoffmeister bias" by relating extractability to the solvation and hydration free 
energies of the anions. 12 Sulfate is more strongly hydrated than chloride. It has also 
been shown that the metal complexes extract sulfuric acid from the organic phase 
with the aqueous phase at a significantly higher pH than their parent ligands 
. 	. suggesting" that t anion binding sites are templated by the inclusion of the M 2+  ion 
into the N2022 donor set. 
The affinity of the ligands for different anions has been studied by titrating organic 
solutions of the "metal-only" complexes [M(L-2H)] with aqueous acid as shown in 
Figure 4.7 and Equation 4.1. 
M(L-2H) + H2X 	 [M(L)X2] 	Equation 4.1 
Figure 4.7 Uptake of acids by "metal only" complexes to form "metal salt" complexes of the bis-
salicylaldimine ligands developed at Edinburgh. 
92 
3 	4 5 
pH 
6 	7 
( > H(Th 
N 	 N 
0 
0 
N 	 N HI 
EN /0 










Figure 4.8 The pH dependence of H 2SO, and HCI uptake by the -Cu-only- complex shown. 
Chloride loading is maintained at a higher pH than sulfate loading indicating preference for chloride 
over sulfate." 
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In the case of Ni2 it was found that loading and stripping occurred much more 
slowly than with Cu2t 13  This is consistent with the relative labilities of the hexa-
aqua complexes. 14  Work to establish whether the rates of nickel extraction and 
stripping depend on whether high or low-spin complexes are formed has been 
undertaken.' 5 In these studies hexadentate ligands were used. It was also hoped that 
these would be "stronger" extractants to give high loading of Ni 2 from solutions 
with pH 3-5, the range expected for feeds from leaching of laterite ores followed by 
precipitation of iron(III).' 6 This chapter focuses on the phenolic oxime ligand 
systems (Figure 4.6) intended to form four coordinate complexes. Hexadenate ligand 
systems are discussed in chapter 5.. 
4.2 Treatment of disordered solvent in crystal structures. 
In the structures determined in section 4.3 and in chapter 5 we have encountered the 
problem of disordered solvent being present in the crystals. In some cases it has 
been possible to model the solvent as discrete molecules that were disordered over 
more than one position although this was not always possible, particularly in 
structures where there are large channels or pores in the crystal. In this instance it 
was undesirable to ignore the disordered solvent as this resulted in large residual 
peaks in the electron density map resulting in turn, in large esd's on the parameters of 
interest and in a high R factor. We have employed the program squeeze to treat the 
disordered solvent using the method of van der Sluis and Spek and the program 
Platon. 17" 8  This is based on dividing the calculated structure factor into two 
components, one from the ordered part'of the structure and the other from the regions 
of disordered solvent. Regions of the crystal structure that are likely to contain 
disordered solvent are identified and electron density is assigned to them based on 
the electron density difference map. The "solvent" structure factors based on the 
contribution of the solvent containing regions can them be calculated and subtracted 
from the original, observed structure factors to give a set of "modified" observed 
structures against which the ordered part of the structure could then be refined. 
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4.3 Determination of the structures of 3-dialkylaminomethyl salicylaldoxime 
complexes 
The atom-labelling scheme shown in Figure 4.9 is used for the piperidino substituted 
aldoxime complexes discussed in this chapter. Where there are two ligands in the 
complex the atoms are distinguished by the substitution of a different letter at the end 
of the name. For example, equivalent atoms in two different ligands are referred to 
as CIA and C1B. Where atoms are related by symmetry such as in 4a-2 then the 
original atom would be referred to as CIA and the symmetry equivalent CI A_$2 
where _$2 relates to the symmetry operation. 
All the compounds 4a-1 through 4a-6 were synthesised and crystallised by Dr David 
Henderson and involve the ligand (1) (Figure 4.10). Diffraction data for all the 
compounds were collected on a SMART APEX diffractometer by members of the 
Parsons group. The structures were solved using the program SHELXS via either 
,direct or Patterson methods or by the program DIRDIF using Patterson methods and 
refined using the programs in the SHELXTL suite.' 9,20  Structures 4a-1 to 4a-5 were 
solved and refined by the author while 4a-6 was solved and refined by Dr Simon 
Parsons. The complex 4b-1 was prepared and crystallised" by Mr Stuart Galbraith 
and involves the ligand (2) (Figure 4.10) and was solved using the program 
DIRDIF 19 by Patterson methods and refined using programs in the SHELXTL 2° 
program suite. 
The structures analysed in this chapter and the related crystal and refinement data are 
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N72A C(21A) 	C(3A) 














Figure 4.9 Atom labelling scheme for the 3-(N-piperidinium) methylsalicyaldoximinato metal 




Figure 4.10 Zwittenonic forms of the two ligand systems used in this chapter (1) is a phenolic 
aldoxime present in the structures 4a-1 to 4a-6 while (2) was formed in the preparation of 4b-1. 
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Complex Notes on Solution and 
refinement 
4a-1, [Ni(1-H)21 The nickel atoms occupies an 
Q inversion centre and the two sides of the complex are related by inversion. 
OH 
/ 
Hydrogen bonds are formed between 
the oxime hydroxyl groups and the 
Ni ,1 phenolate oxygen and secondary 
amine nitrogen on the opposing, 
O/ 	
/ 
HO symmetry related ligand. 
DKH141  
4a-2, [((Cu(1-H)2) 21 - 217 Electrons/cell were modelled as 5 
molecules of diffuse dichioromethane 
O  per unit cell using the method of van 
der Sluis and Spek and the program 
PLATON.' 7" 8 
OH 
- _Nc(O Hydrogen bonds are formed between 
the hydroxyl groups and the phenolate 
O/ 	/ 
HO oxygen and the secondary amine 
nitrogen on the opposing ligand. 
The structure is dimenc. The 
phenolate oxygen atoms forms a 




Table 4.1 X-ray structure determinations of metal complexes showing the compounds involved and any 
special features associated with their structure solution and refinement. 
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Complex Notes on Solution and 
refinement 
4a-3 [Cu(1)2(NO3) 21 The copper atom occupies an inversion 
14NO 
centre. 
E N Hydrogen bonds are formed between 
the oxime hydroxyl group and the 
OH 
/ 	= 
opposing, symmetry related phenolate 
oxygen atom and between the 
- Cu protonated secondary amine and the 
E/ nitrate anion, which interacts via an 
HO oxygen with the copper. 
N—O Restraints were applied to the nitrate 
/ O o anions to maintain the bond lengths 
DHCU06 and planarity during refinement. 
4a-4 [Ni(1)2(C6H5COO)2] The benzoate groups are cis to each 
other. 
- The keto oxygen atoms on each of the 
01-4`1-10 benzoate groups accept hydrogen >L . r.N 	 0,() bonds from an oxime hydroxyl group 
and from the protonate secondary d 
amine. N ,OH 
N 
CJ 	o 940 Electrons/cell were modelled as 16 molecules of diffuse dichioromethane 
and one water molecule per unit cell 
using the method of van der Sluis and 
Spek and the program PLATON.' 7" 8 
DKHNI5 
Table 4.1 cont X-ray structure determinations of metal complexes showing the compounds involved and any 
special features associated with their structure solution and refinement. 
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Complex Notes on Solution and refinement 
4a-5 [Cu(1)(Cl)2] The structure isdimeric. The phenolate oxygen acts 
10H as a bridge to a symmetry related copper atom. 
11-1 Hydrogen bonds are formed between the oxime 
Cu 
" 	I'll hydroxyl group and adjacent chloride and the \ / between protonated tertiary nitrogen atom and the 
phenolate oxygen and the chloride. 
NH 
160 Electrons/cell were modelled as 3 molecules of 
diffuse diethyl ether per unit cell using the method of 
DHCUOX van der Sluis and Spek and the program 
PLATON.' 7" 8 
4a-6 (Zn2(1)2(Cl)4] Solved and refined by Dr S. Parsons. 
The phenolate atoms act as a bridge between the zinc 
OH NH atoms. The chlorine atoms act as hydrogen bond 




Table 4.1 cont X-ray structure determinations of metal complexes showmg the compounos mvolvea ana any 
special features associated with their structure solution and refinement 
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Complex Notes on Solution and 
refinement 
0-1 [Cu2(2)2(SO4)2] The sulfate bridging interaction between 
the two copper atoms is unusual. 
502 Electrons/cell were modelled as 3.5 
N 	2 _\ / 0 molecules of diffuse methanol per Cu 	02  + 	
10 
formula unit using the method of van der 
#'I 
\0_S 
Sluis and Spek and the program 
0 	1 PLATON.'718 i 
02 	Cu () 
/\ 
SG2801  
Table 4.1 cont. X-ray structure determinations of metal complexes showing the compounds involved and any specia 
features associated with their structure solution and refinement. 
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[Cu(1)2(NO3 ) 21 
4a4 
[Ni(1)2(PhCOO)2] 
Crystal Data  
Formula C34F150N4NiO4 C3525H525N404CuC125 C341152CuN6010 C51  M5 . 12SN408 . 125 C19 
Mr 637.49 748.48 768.36 1242.08 
Crystal system monoclinic monoclinic monoclinic monoclinic 
Space Group P2(1)/c P2(1)/c P2(1)/n C2/c 
a[A] 13.0097(4) 14.0562(7) 11.8724(11) 35.790(6) 
blAl 10.1855(3) 23.6030(12) 11.1470(11) 14.1432(19) 
c IAI 13.4627(4) 12.4451(6) 14.8155(14) 27.777(4) 
aI°1 90 90 90 90 
010 1 106.477(2) 106.9300(10) 112643(2) 12 1.399(2) 
Y 101 90 90 90 90 
v [A3 1 1710.69(9) 3949.9(3) 1809.6(3) 12001(3) 
Z 2 4 2 8 
p. im Igcm 3 1 1.238 1.259 1.410 1.375 
Shape and green block 
Colour  
green block green plate green block 
Crystal size 
1mm] 
0.52 x 0.33 x 0.46 x 0.33 x 0.28 
0.14  
0.30 x 0.24 x 0.06 0.50 x 0.39 x 0.29 
jt 1mm '1 0.608 0.762 0.668 0.776 
Data Collection  
Diffractometer Bruker SMART 
APEX CCD 






UA) 0.71073 0.71073 0.71073 0.71073 
Type of scan 0) and 41 (0 and 4) o and 4) w and 4) 
Abs. corr. 
(Tm i n, Tmax) 
0.826, 1.000 0.799, 1.000 0.841, 1.000 0.736, 1.000 
0mm , Omax/° 2.55 to 28.97 1.73 to 28.78 1.88 to 29.10 1.33 to 22.57 





Patterson Patterson (DIRDIF) 
(DIRDIF)  
Direct (SHELXS) Patterson (DIRDIF) 
H placement geometric geometric geometric geometric 
H refinement mixed mixed mixed mixed 
Unique data 4164 9629 4520 7886 
Unique 	data 3691 
with F0>4(F0)  
8288 3891 5845 
Parameters 197 391 234 586 
Restraints 0 17 8 30 
Max. Aft 0.000 0.000 0.000 0.000 
R 1 , 0.0429, 0.1121 
wR 2  
0.0427, 0.1091 0.0877, 0.1692 0.0811, 0.2374 
Flack parameter N/A N/A N/A N/A 
Weighting 0.0511, 1.0455 
scheme, w 
0.0483, 1.6715 0.0400,4.9628 0.1435, 22.9774 
Goodness of fit 1.064 1.043 1.233 1.068 
Largest 0.781 and -0.324 
residuals Le A 31 
0.465 and -0.353 0.795 and -0.741 0.900,-0.980 
Table 4.2 - Crystal data and structure determination details for compounds 4a-1, 4a-2, 4a-3, 4a-4. 
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4a-5 




Formula C221-13402Cu 1 N202 C38H56C1 16 N404 Zn 
Mr 566.45 1330.81 
Crystal system orthorhombic triclinic 
Space Group Pbcn P-i 
a [AJ 16.542(2) 14.1922(16) 
b [Al 24.736(3) 15.2573(17) 
c IAI 10.4427(13) 15.8100(17) 
a 10 1 90 90.166(2) 
0 101 90 107.680(2) 
11 90 117.492(2) 
v 1A3 1 4272.9(9) 285 1.6(5) 
Z 8 2 
p 	[gcm 3 I 1.433 1.550 
Shape and Colour green lath colourless block 
Crystal size [mm] 0.92 x 0.22 x 0.14 0.80 x 0.31 x 0.24 
i [mm'J 1.292 1.631 
Data Collection 





Type ofscan o and 4 o) and 4 
Abs. corr.(Tmn, Tmax) 0.928, 0.248 0.830,1.000 
0mm, Omaz/° 1.48, 26.38 1.37, 28.82 
T 111(1 150(2) 150(2) 
Solution and 
Refinement 
Solution (program) Direct (SHELXS) - 
H placement geometric - 
H refinement mixed - 
Unique data (R j ) 4372 (0.0749) - 
Unique data with 
F0>4cj(F)  
3185 
Parameters 222 - 
Restraints 0 - 
Max. Ncr 0.000 
R 1 , 
wR 2  
0.0545, 0.1361 
Flack parameter N/A 
Weighting scheme, w 0.0869, 0.0000 
Goodness of fit 0.968 - 
Largest residuals 
IeA 3 l 
1.285 and -1.774 
Table 4.2 Crystal data and structure determination tails for compounds 4a-5, 4a-6 and 0-1. 
'4a-6 was solved and refined by Dr. S. Parsons. 
Patterson (Dircilt) 
4b-1 














0.50 x 0.48 x 0.12 
0.781 














0.0450, 0.1165 0.0638, 0.1550 
N/A N/A 
0.0559, 3.7785 0.0738, 0.0000 
1.023 0.976 
1.175 and -0.901 0.466 and -0.378 
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4.3.1 Structures of "conventional" pseudo-macrocycic metal salt 
complexes: [Ni(1-H)2}, [Cu(1-H)2] and [Cu(1)2(NO3) 21 
These coordination geometry of these complexes around the metal centre closely 
resembles the pseudo macrocyclic arrangement observed in the complexes formed by 
commercial phenolic oxiines (Figure 4.3). In each of the complexes there are two 
ligands (1) coordinated to the metal centre. [Ni(1-H)2], [Cu(1-H)2] are both "metal 
only" complexes which were prepared by reaction of the ligand with metal acetate 
followed by washing of the resulting solution with aqueous ammonia to remove the 
protons on the pendant amine arm. In these two complexes we see that the oxime 
hydroxyl group forms a bifurcated hydrogen bond with the pendant amine nitrogen 
and the phenolate oxygen in an arrangement similar to that which has been 
observed 21  previously in dimethylacetyl derivatives (Figure 4.11). Only 
intramolecular hydrogen bonds were observed in these structures. 
Figure 4.11 Bifurcated hydrogen bonded interactions involving the oximic hydrogen as a donor 
and the methoxy oxygen and the phenolate oxygen atoms as acceptors in the copper complex of 3- 
dimethylacetyl substituted salicylaldoximes. 2 ' 
4.3.1.1 The "metal only" complex of (1) with nickel(H) {Ni(1-H)2] 
In this work the crystal structure determination of 4a-1 showed this to be a square 
planar "nickel only" complex (see Figure 4.12) in which the N62 amine nitrogens are 
unprotonated. The central Ni atom lies on an inversion centre at the origin so the two 
halves of the complex are related by inversion (-x,-y,-z). 
The 023 oxime hydroxyl group forms hydrogen bonds with the inversion-related 01 
phenolate and N62 tertiary amine atoms The hydrogen bonding geometry and the 
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respectively which allows comparison with the related copper complex, 4a-2, 
[(Cu(I-H)2 )2]. The structure of the entire complex is shown in Figure 4.13 and 
illustrates the bifurcated arrangement of hydrogen bonds. 
Figure 4.12 Assnirnetric unit of 4a-1 (Ni(1-14)2]. The nickel atom occupies an inversion centre so 
the remainder of the complex can be generated by the inversion operation (-x. -v. -z) 
Oxime OHa 023A-H23A 023A-H23A 023B-H23B 
d(023-H23)/A 0.84k 0.84 0.84 
d(H23 .... O1)/A 1.975 2.154 2.052 
<023A-H23A-01f0 126.4 129.49 128.37 
d(023A .... O1)/A 2.5641(17) 2.7657(17) 2.6563(18) 
d(023-H23)/A 0.84 0.84 0.84 
d(H23A .... N62)/A 2.109 2.249 2.119 
<(023-H23-N62)/° 143.88 1 	144.2 145.48 
d(023 ....N62)/A 1 	2.831(2) 1 2.972(2) 2.851(2) 
Table 4.3 Geometry of the bifurcated hydrogen bonds formed by the oxiine OH groups in INi(1-H)21 
and I(Cu(1-H) :)21 
'Lengths and angles involve phenolate (01) and amine (N62) in the symmetry related (-x.-y.-z) half 
of the complex fNi(1-H)21 and the chemically equivalent half of L(Cu(1-14)2):l with atoms OIA and 
N62A 
' The hydrogen atoms in the oxime hydroxyl were placed during refinement 
INi(1-H)2 1 I(Cu(1-H) 2)2 1 
Torsion Angle/*  part A part B 
Cl-C6-C61-N62 55.8(3) 48.6(3) 61.3(2) 
C6-C61-N62-C63 -178.63(17) 58.9(2) -175.60 (15) 
C6-C61-N62-C67 1 	60.6(2) 1 	-178.89 (15) 63.72(19) 
Table 4.4 Torsion angles defining the orientation of the pendant piperidino nitogen 
atoms relative to the benzene rings to which they are tethered. 
104 
Chapter 4 - Metal S OIt extractants based on salicvlaldoximes 
The torsion angles which define the orientation of the pendant piperidino group 
relative to the phenyl ring (Table 4.4) indicate that very little strain is required to 
align the lone pair on the nitrogen atom (N62A) to interact with the oximic hydrogen 
atom in the neighbouring ligand. Values are close to syn and anti conformations 
about single C-C and C-N bonds. The orientation of the pendant amine relative to 
the metal complex is a key factor in defining how attendant anions will interact with 
the protonated amine (See section 4.4.1). 
Figure 4.13 Structure of the full 4a-1 fNi(1-H) 2 1 complex, showing the bifurcated hydrogen bonds 
formed by the oxime hydroxyl groups. 
The geometry of the binding around the nickel atom is listed in Table 4.5 The Ni-O 
and Ni-N bond lengths fall centrally in the ranges observed (1.796 to 1.910A and 
1.800 to 1.941 A) for low-spin complexes of salicylaldiminato complexes. 22 This 
suggests that the parameters developed by Parkin et al. for molecular mechanics 
studies of low-spin nickel complexes of salicylaldiminato ligands could also be 
applied to the related oximes in this thesis. The bond lengths also fall into the range 
seen in the structures of phenolic oxime complexes of copper. 8 
There are significant differences from the bond lengths and angles for the related 
copper complex [(Cu(1-H)2)2]. These are discussed in section. 4.3.13. 
105 
Chapter 4 - Metal salt extractants based on salicylaldoximes 
[Ni(I-H)2] [(Cu(1-14) 2)2] 
Lengths and Angles"  part A part B 
Mi-01 1.8177(12) 1.8820(12) 1.9101(12) 
M1-N22 1.8716(15) 1.9564(15) 1.9599(15) 
Ml-Ol'_$2 - 2.5157(12) - 
Ol-Mi-Ol' 180 . 00c 178.33(5) - 
01-M1-N22 93.63(6) 91.25(6) - 
O1-M1-N22' 86.37(6) 86.55(6) - 
O1'-M1-N22 86.37(6) 90.42(5) - 
O1'-M1-N22' 93.63(6) 91.82(5) - 
N22-M1-N22' 180.00' 166.95(6) - 
01-Cul-01'_$2 - 96.26(5) - 
O1'-Cul-01'_$2 - 83.52(5) - 
01'_$2-Cul-N22 - 96.60(5) - 
01'_$2-Cul-N22' - 96.43(5) - 
Cul-Cul_$2 - 3.3258(4) - 
Cul-OIB-Cul_$2 - 96.48(5) - 
Hole size (A) RHd 1.8447 1.9234 
Table 4.5 Bond lengths and angles in the metal coordination spheres in [NiO  -H')2] and [(Cu( 1-11) 2)2] 
'Lengths and angles are quoted in A and° respectively. 
bAtoms  donated by a prime are in the symmetry related (-x,-y,-z) half of [Ni(l -H') 2] or the chemically 
equivalent part (A or B) of [(Cu( 1-11)2)21. Atoms denoted _$2 are in the symmetry related Cu(1 -H') 2 unit. 
Angle is defined by the inversion operation so no esd is given. dDeflned  as mean distance of donor atoms 
from the centroid. 
4.3.1.2 The "metal only" complex of (1) with copper(I1), [(Cu(1-H')2)2] 
In this complex (Figure 4.14) the ligands coordinate to the metal in a similar manner 
to that observed in the commercial phenolic oxime extractants with a pseudo 
macrocyclic arrangement (Figure 4.3). 
The pendant amine arms are not protonated and adopt a conformation where they are 
able to accept bifurcated hydrogen bonds (Table 4.3) from the oxime hydroxyl 
groups in an arrangement similar to that observed in the related nickel complex 4a-1 
[Ni(1-H')2] and in the related complex shown in Figure 4.11. The 023. ..0l' 
bifurcated hydrogen bonded distance is significantly longer than that observed in the 
related copper nitrate complex, [Cu(1) 2(NO3)2]. 
The conformation of the pendant arms (Table 4.4) allows them to be on the same 
side of the complex. This is presumably due to the proximity of the other symmetry 
related [Cu(1-H')2]. The steric bulk of the pendant arms prevents the formation of 
polymeric chains where the phenolate oxygen atoms bridge between copper centres 
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and instead the structure is dimeric with the phenolate oxygen atom 01B acting as 
the fifth apical donor for a very weak bond (Table 4.5) to the copper in an inversion-
related complex (Figure 4.15) This is consistent with the structures seen in related 












C41A 	 CIA 





C63A 	 C65A 
C6A C66A 
Figure 4.14 Structure of the asymmetric unit of t(Cu(1-H) 2)21. showing the atom numbering scheme. 
The copper centres in the dimeric unit are separated by a distance greater than their 
van der Waals radii so it is unlikely that there is an interaction between them. It is 
observed that the two copper - phenolate oxygen bond distances are different. The 
bond to OIA is shorter than the bond to OIB, which is involved in a P2  interaction 
with the symmetry related [Cu(1-H)2] unit. A fit of a least-squares plane to the four 
donor atoms shows a distance of O. IA of the copper from the plane (Table 4.6). Also 
the bond angles from the equatorial donor atoms to the apical oxygen are distorted 
from 900  (Table 4.5) suggesting that this ispseudo-square pyramidal. 







Table 4.6 Deviations from the least-squares plane fitted to O1A. OLB. N22A and N22B in the 
[(CU( 1-H)2)21 complex. 
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The "hole size" in this complex is smaller than that in the copper nitrate 
[Cu(I)2(NO3)2]. This is probably due to the bifurcated hydrogen-bonded 
arrangement and is consistent with the reported reduction of a hole size in copper 
complexes of phenolic oximes with a hydrogen bond acceptor opposite the oxime 
hydroxyl group (see Figure 4.11) relative to related phenolic oxime complexes of 
copper without a hydrogen bond acceptor. 2 ' 
The structure of the entire complex is shown in Figure 4.15. It is plausible to suggest 
that if a variant of (1) (see Figure 4.3) were synthesised with R 2 and R' of sufficient 
size and hydrophobicity to give a kerosene soluble complex then they would "shield" 
the polar centre of the complex from water making extraction from the aqueous 
phase relatively easy and would be expected to be a strong extractant. 
Figure 4.15 Structure of the two symmetry related parts of the 4a-2 l(Cu(1-H) 2)2 1 complex. 
4.3.1.3 Discussion of the differences between the "metal only" complexes of (1) 
with nickel and copper {(Cu(1-H)2)2] and [Ni(1-H) 2 ] 
The bond lengths and around the metal centre in [Ni(1-H) 2] are significantly shorter 
than those in [(Cu(1-H)2)2] this is consistent with the smaller atomic radius of nickel 
and with the differences observed in nickel and copper salicylaldime and phenolic 
oxime complexes. 8,22 
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4.3.1.4 The copper(H) nitrate complex of (1) [Cu(1)2(NO3)2} 
The complex [Cu(1)2(NO3)2] represents an example of the type of system needed to 
transport a metal salt (see section 4.1.2). The ligands exist in a zwitterionic form in 
which the phenolate protons have been formally transferred to the pendant piperidino 
nitrogen atoms and the overall complex is uncharged because both the metal dication 
and its attendant nitrate anions are part of the assembly. The copper atom lies on an 
inversion centre at ( 1 /2, 1/2, 0) and the two ligands are related by inversion through 
this point. The copper atom interacts weakly with 04N of the nitrate anion. The 
torsion angles adopted by the pendant amine arms allow N62A to function as a 
hydrogen bond donor to 02N, 03N and N1N of the nitrate anion (see Tables 4.7 and 
4.8). The coordination geometry around the copper is listed in Table 4.9. 
Length /A or 
Angle/°  
d(023-H23) 0.840 d(N62-H62) 0.844 d(N62-H62) 0.844 
d(H23 .... OF) 1.980 d(H62 .... 02N) 2.019 d(H62 .... 03N) 2.465 
<023-H23-01' 1 	132.33 <H62-H62.. . .02N 1 	166.22 <H62-H62. . ..03N 138.42 
d(023. ...01) 12.621 (4) d(N62 .... 02N) 12.846 (5) d(N62 .... 03N) 3.146 (5) 
Table 4.7 Hydrogen bonding in ICu(1)2(NO3) 21. Atoms donated by a prime are in me 
symmetry-related (-x±i, -y±i, -z) half of the complex. 
[Cu(1)2(NO3) 21 
Torsion Angle/*  




Table 4.8 Torsion angles defining the orientation of the pendant piperidino nitogen atoms relative to 
the benzene rings to which they are tethered. 
Length /A or Angle?  Angle?  
Cul-Ol 1.918(2) N22-Cul-04N 89.76 (13) 
Cul-N22 1.945(3) N22-Cul-04N 90.24 (13) 
Cul-04N 2.724 (5) 01-Cul-04N 80.80(12) 
01-Cul-N22 91.85(11) 01-Cul-04N' 99.20(12) 
01-Cul-N22' 88.15(12) 0l'-Cul-01 180.00 
01 A'-Cul -N22 88.15(11) N(22A)_$4-Cu( 1 )-N(22A) 180.00 
0l'-Cul-N22' 91.85(11) 04N-Cul -04N$4 180.00 
Hole size (A) R 8 1.932(3) 1 1 	- 
Table 4.9 Bond lengths and angles in me copper cooramanon spnere in 	 2.J• i-uuiiis 
donated by a prime are in the symmetry-related (-x+1, -y+I, -z) half of the complex. 	as 
mean distance of donor atoms from the centroid. 
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The pendant amine arms adopt different conformations to those observed in the 
related "metal only" complex [(Cu(1-H)2)2]. This is in order to orientate the 
protonated piperidinium nitrogen to enable the formation of hydrogen bonds with 
02N and 03N of the nitrate anion. It is unlikely that a single atom anion such as Cl 
would be able to simultaneously occupy the axial binding site of the M21  cation and 
be hydrogen-bonded to the pendant piperidinium. This is borne out by the structures 
of the metal chloride complexes in section 4.3.2 
The bond lengths and angles around the copper centre are similar to those observed 
in the structures of related phenolic amines. 8 
The distances between the hydrogen-bonded oxime hydroxyl (023) group and the 
phenolate oxygen (01') in [Cu(1) 2(NO3)2] are shorter than equivalent distances in the 
in the related metal only complex, [(Cu(1-H) 2)2] where the oxime hydroxyl group is 
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Figure 4.16 Structure of the full 4a-3 [Cu(I) 2(NO3) 21 complex. 
The structure determination of [Cu(1)2(NO3)2] was undertaken to establish that metal 
nitrates could form metal salt complexes in which there was relatively strong binding 
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with the copper metal and form hydrogen bonds with the pendant amine nitrogen 
atoms. 
In principle then the ligand (1) should show selectivity for the complexation of 
nitrate over hexafluorophosphate and it may therefore be practicable to use the 
reagent to transport metal nitrates into alkylimidazolinium hexafluorophosphate ionic 
liquids [Rim] [PF6] without exchange of nitrate for hexafluorophosphate. 
4.3.2 Structures of "unconventional" metal chloride complexes based on (1): 
[Cu(1)(Cl)2] and [Zn2(1)2(Cl)4] 
Figure 4.17 (a)The expected arrangement of the metal (II) chloride complexes of (1) featuring two 
ligands binding to give apseudo-macrocylic structure with a combination of electrostatic and 
hydrogen bonds binding the chloride ions to the piperidinium group. (b) The observed structure 
for [(Cu(1)(Cl) 2)2] and [7-n2(1)2(Cl)4]. 
Initially it had been expected that the bonding geometry around the metal centre 
would closely resemble that observed in the "metal only" structures and in the 
commercial phenolic oximes with two oxime ligands coordinated to the metal centre 
with hydrogen bonds formed with the attendant chloride anions (Figure 4.17(a)). 
However, in the light of the studies reported above it is unlikely that the chloride ions 
could adopt axial copper coordination and be hydrogen bonded to piperidinium 
groups, and in practice very different structures were formed with chloride ions in 
the same coordination plane of the oxime ligands (Figure 4.17(b)). This 1:1 ligand: 
metal ratio is beneficial in terms of mass transfer in industrial processes. The 
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pendant amine groups are protonated and form hydrogen bonds with the phenolate 
oxygen atoms and the chloride anions on the metal centre. 
4.3.2.1 Copper (II) chloride complex of(1):[Cu(1)C12] 
This complex is made up of two symmetry-related Cu(1)(Cl) 2 units, one of which is 
shown in Figure 4.18. The phenolate oxygen atom also forms a very weak axial 
bond (Table 4.11) to the symmetry-related unit in a manner similar to that observed 
in [Cu(1-H)2] and in the structures of some copper (II) complexes of phenolic oximes 




Figure 4.18 Structure of the asymmetric unit of 4a-5 lCu(1)(C1) 2 1 
The pendant amine arms adopt a conformation so that N62 is able to act as a 
hydrogen bond donor for 01 and C12, while 023 acts as a hydrogen bond donor for 
CII (see Tables 4.10 and 4.12). There are no intermolecular hydrogen bonds formed 
in the complex. 
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[Cu(1)C12] [Zn2(1)2(Cl)4] 
Distance/Angle Part A Part A Part B 
d(023-H) 0.84 0.84 0.84 
d(FLC1) 2.226 2.290 2.260 
<O-H .... Cl 140.8 143.0 145.0 
d(023..C1) 2.925(3) 3.003(3) 2.986(2) 
Acceptor CII C14 Cii 
d(N62-H) 0.803 0.93 0.93 
d(H..01) 2.05(4) 2.510 2.430 
<N62-H. .. .01 147(4) 120.0 122.0 
d(N62..O1) 2.754(3) 3.079(3) 3.024(3) 
Acceptor O1A OIA O1B 
d(N62-H) 0.803 0.93 0.93 
d(H..Cl) 2.901(4) 2.480 2.560 
<N62-H. . . .C1 142 (3) 162.0 160.0 
d(D..A) 3.560(3) 3.379(2) 3.446(2) 
Acceptor C12 C13 C12 
Table 4.10 Geometry of the hydrogen bonds formed in [(Cu(1)C1 2] and in [Zn 2(1)(C1)4] by the oxime 
hydroxyl and pendant piperidinium groups respectively. 
[CUM C121 [Zn2(1)2(C1)4] 
Distances (A) /Angles(0) Part A Part B 
Mi-01 1.933(2) 2.0775(17) 2.1085(17) 
M1-N22 2.021(3) 2.121(2) 2.116(2) 
MI-Cl 1 2.2689(9) 2.2853(8) 2.2679(7) 
M1-C12 2.2682(9) 2.3620(7) 23715(7) 
Mi-01' 2.570(2) 2.0213(18) 2.0310(18) 
01-MI-N22 87.27(10) 81.91(8) 82.69(8) 
01-M1-C12 91.12(7) 91.87(5) 90.85(5) 
01-Ml-Cll 173.84(8) 167.66(5) 163.99(5) 
N22-M1 -C12 165.69(9) 126.36(7) 123.28(7) 
N22-Ml-Cll 89.76(8) 89.24(6) 89.20(6) 
C12-MI-Cl 1 93.08(3) 100.32(3) 105.12(3) 
01-MI-01 , 81.68(8) 78.83(7) 77.90(7) 
O1'-M1-N22 99.34(10) 116.21(9) 121.18(8) 
Cl 1-MI -01' 93.49(5) 114.54(6) 112.05(6) 
C12-MI-01' 94.47(6) 97.61(5) 94.79(5) 
MI-MI , 3.3698(9) 3.1620(5)  
MI-01-MI , 95.86(8) 100.63(9)  
M1 1-01 1-Ml 95.86(8) 99.91(10)  
Table 4.11 Bond distances and angle in the coordination spheres of the metal centres in [CU(I)C121 
and in [Zn2(1)2(Cl)4]. 
[(Cu(1)(Cl)2)2] [Zn2(1)2(Cl)4] 
Angle/0 Part A Part A Part B 
CI-C6-C61-N62 55.6(4) -70.3(3) -66.5(3) 
C6-C61-N62-H62 -53 (3) 51.3 53.0 
C6-C61-N62-C63 63.3(3) -67.4(3) -65.8(3) 
C6-C61-N62-C67 -172.0(3) 169.1(2) 171.0(2) 
Table 4.12 Torsion angles defining the orientation of the pendant piperidino nitogen atoms relative to 
the benzene rings to which they are tethered in [(Cu(1)(C1) 2)2] and [Zn2(1)2(Cl)4] respectively. 
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As with 4a-2 the complex is dimeric and the Cu 1 interacts with a symmetry related 
phenolate oxygen atom in a manner reported" previously for simple phenolic oxime 
copper complexes to give a dimer. 
3% 
Figure 4.19 Tle structure of the dimer formed by the ICu(1)(CI) 2 1 complex via a bridging 
interaction between phenolate oxygen atoms and symmetry related copper atoms. 
In this complex the hydrophillic regions of the complex, the copper metal and 
chloride ligands and the hydroxyl and piperidinium groups are more exposed to 
solvent than in the related metal only' complex 4a-2 [(Cu(l-H) 2 )2] which suggests 
that it would be harder to extract from the aqueous phase although the 1:1 ligand to 
metal ratio leads to a favourable mass balance which makes the ligand more 
economically viable as a reagent for metal salt recovery 
4.3.2.2 Zinc(II) chloride complex of (1) [Zn2(1)2(CI)4] 
The structure and atom labelling scheme for the complex isolated from the reaction 
of zinc(II) chloride and (1) is shown in Figure 4.20 
Each zinc atom is five coordinate. 112 bridges between the two metal centres are 
formed by the phenolate oxygen atoms. Each zinc atom has two terminal chloride 
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ligands bonded directly to it. The geometry around the zinc atoms is shown in Table 
4.11 and Figure 4.20. 
C43A'4 	
023B 
C44A 	 023A 
C3i 	C21 N22 	
lI 
C67A 
Figure 4.20 Atom labelling scheme for 4a-6 [Zn2(1)2(C1) 4] 
The protonated pendent amine groups on each ligand are orientated (Table 4.12) to 
form bifurcated hydrogen bonds (Table 4.10) with the phenolate oxygen atom and 
one of the chloride anions on the chelated zinc. The oxime hydroxyl group forms a 
hydrogen bond with the other chloride anion on the same chelated zinc atom. 
This is interesting in terms of metal salt transport as we see that the ligand has 
managed to bind the metal in a 1:1 metal:ligand ratio which is favourable for mass 
transfer and that the chloride anions are also extracted bound to the zinc and that the 
complex is stabilised by intramolecular hydrogen bonds. 
It is also probable that the extracted species in a non-polar solvent will remain in the 
dimeric form as the Zn-O bridges are strong bonds and this assembly and the 
associated hydrogen bonds cause the polar functionalities of the complex to be 
localised in the centre of the unit. If the pendant piperidinium groups (R 2 in Figure 
4.5) were substituted with long/branched chain dialkylammonium units the alkyl 
groups could effectively shield the polar core from the solvent. 
C43B 
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Figure 4.21 Structure of 4a-6 (Zn2(1 )2(Cl)4J illustrating the connecti-vity around the two zinc atoms 
and the intra molecular hydrogen bonds. 
The 023A and 023B oxime hydroxyl groups form hydrogen bonds with Cli and C14 
respectively, while the pendent amine arms are orientated so as to form hydrogen 
bonds with the phenolate oxygens 01 A and 01 B and with the neighbouring chlorine 
atoms C12 and CII 
4.3.2.3 Discussion of the differences between the "metal chloride" complexes of 
(1) with zinc and copper [Cu(1)(C1)2] and [Zn2(1)2(Cl)411 
The most striking difference between the structures is that in [Cu(1)(Cl)2} the metal 
shows pseudo square-pyramidal coordination with a very weak axial bond and the 
four equatorial donor atoms lying close to the same plane (Table 4.11). In 
[Zn2(1)2(Cl)4] the coordination environment is closer to trigonal bipyramidal. The 
hydrogen bonds made by the piperidinum groups are slightly different in that in 
[Cu(1)(Cl)2] the hydrogen bonded interactions (Table 4.10) with the phenolate 
oxygen are weaker and the chloride ligands stronger than in the [Zn 2(1)2(Cl)4]. 
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4.3.3 Structure of the complex of (1) with nickel benzoate [Ni(1)2(C6H5COO)2] 
This complex was prepared as part of a study to see if "metal only" complexes of the 
type [Ni(1-H)2] could used to extract carboxylic acids from aqueous media (Equation 
4.2). 
[N(lll)2](org) 2RCOOH - 	[N(1)2(RCOO)2](org)  Equation 4.2 
It had been intended to prepare a complex similar in form to 4a-3, [Cu(1)2(NO3 )2] 
(Figure 4.22), which would be a prototype extractant for nickel carboxylate salts. If 
it was successful then there was the possibility of incorporating some chiral character 
into the pendent amine arms, which could potentially allow this type of complex to 
be used as a chiral resolving agent. 24  The bond lengths and angles in the 
coordination sphere of the central nickel atom are listed in Table 4.13. 
Figure 4.22 Intended structure of the 4a-4 [Ni(1)2(C6H5COO)2] complex. The two (1) ligands are 
arranged axially in a pseudo macrocyclic arrangement. The benzoate anions are coordinated axially 
through one oxygen and sit trans to each other and form hydrogen bonds with the protonated 
pendant amines. 
The conformation adopted by the pendant ammonium arms is defined in Table 4.15. 
This interaction is illustrated in Figure 4.23. 
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Figure 4.23 Structure of 4a4, [Ni(1) 2(C6FL5COO) : 1 showing the cis mode of binding of the 
bcnzoate anions and the hydrogen bonding interactions between 011 C,  N62  and 023B and 
01 113. N62A and 023A 
HO P 
HO 
(A) 	 (IS) 
Figure 4.24 (A) the simple phenolic oxime (4) used in the preparation of the complex INi(4-
H)2(Me4en)I, the structure of which is shown in (B). 
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[(Ni(1)2(C6H5COO)21   [Ni(4-H)2(Me4en)]  
Lengths and part A part B part C 
Angles '  
part D part A part B part C part D 
Nil-01 2.017(3) 2.016(3) - - 2.050(3) 2.040(3) - - 
Nil-N22 2.046(5) 2.040(5) - - 2.065(4) 2.057(3) - - 
Nil-012 
Nil-N12 
- - 2.113(4) 2.108(3) - - 
2.172(4) 2.169(4) 
01-Nil-N22 87.29(15) - - - 85.36(14) - - - 
01-Nil-01 97.26(13) - - - 168.40(13) - - - 
O1-Nil-N22' 89.23(15) - - - 86.48(13) - - - 
01-NiI-012 90.76(14) - - - 93.49(14) - - - 
01-Nil-012' 171.72(15) - - - 97.71(14) - - - 
01-Nil-N22 90.75(16) - - - 85.83(14) - - - 
N22'-Nil-N22 176.47(17) - - - 91.74(15) - - - 
N22-Nil-012 84.22(17) - - - 174.99(15) - - - 
N22-Nil-012' 98.99(16) - - - 92.08(15) - - - 
O1'-Nil-N22' 89.08(16) - - - 86.25(12) - - - 
O1'-Nil-012 170.33(14) - - - 95.92(14) - - - 
O1'-Nil-012' 88.08(14) - - - 90.15(14) - - - 
N22'-Nil-012 96.45(17) - - - 93.06(14) - - - 
N22'-Nil-012' 84.53(16) - - - 174.55(15) - - - 
012'-Nil-012 84.57(14) - - - 83.23(14) - - - 
Table 4.13 Bond lengths and angles in the metai cooromation spneres m 	 1cIIgu1s 
and angles are quoted in A and° respectively. bAt oms  donated by a prime are the chemically equivalent 
parts (A or B) of (1) or (C or D) of the chemically equivalent benzoate ligands. 
In the complex, [Ni(1)2(C6H5COO)2], 4a-4, there are two (1) ligands per nickel atom. 
These were labelled using the same numbering scheme as 4a-6. The structure 
determination showed that the benzoate anions were not arranged trans to each other, 
instead they took on the cis configuration shown in Figure 4.23(B). For comparison 
we have included the structure of a related phenolic oxime complex [Ni(4-
H)2(Me4en)] (Figure 4.24(B)) where Me 4en represents N,N,N',N'-tetramethyl-
ethylene diamine coordinated at two cis sites and (4) is a simple phenolic oxime 
(Figure 4.24(A)). 25 
The bond lengths in the [Ni(1)2(C6H5COO)2] complex are significantly longer than in 
the "metal only" complex [Ni(1-H)2], consistent with the larger atomic radius 
associated with with high-spin octahedral Ni 2t The cis arrangement of the 
additional donor atoms in the benzoate ligands is similar to that seen in the 
coordination of the (Me4en) ligand in the {Ni(4-H)2(Me4en)] complex. However, the 
arrangement of the (1) ligands is different. In [Ni(4-H') 2(Me4en)} the pseudo 
macrocyclic arrangement of ligands and hydrogen bonds seen in simple phenolic 
oxime complexes and the metal only complexes [Ni(1-H)2] and [(Cu(1-H)2)2] is 
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preserved and trans coordination of the phenolate oxygen atoms and cis coordination 
of the imine mtrogens is observed. This is the opposite of the arrangement seen in 
[Ni(1)2(C6H5COO)2] where trans coordination of the irnine nitrogen and cis 
coordination of the phenolate oxygens is seen. In addition the pseudo macrocyclic 
arrangement of hydrogen bonds (Table 4.14) made by the oxime hydroxyl group and 
phenolate oxygen,, observed in the "metal only" complexes [Ni(1-H)2] and [(Cu(1-
H)2)2], the copper nitrate complex of (1) [(Cu(1)2(NO3)21 and in simple complexes of 
nickel with phenolic oximes and [Ni(4-H)2(Me4en)] are absent and instead hydrogen 
bonds are formed between the oxime hydroxyl and the 011 keto oxygen atom of the 
benzoate ligands. 25 
[Ni(1)2(C6H5COO)2] 
Distance/Angle Part A Part B 
d(023-H) 0.84 0.84 
d(H..O11) 1.794 1.847 
<023-H-011 174.64 173.49 
d(023..O1 I) 2.632 (5) 2.683 (5) 
d(O-H) n/a 0.84 
d(H..012) n/a 2.62 
<023-H-012 n/a 126.79 
d(023..012) n/a 3.194 (6) 
d(N62-H) 0.93 0.93 
d(H..0ii) 1.932 1.907 
<N62-H-01 1 156.47 159.77 
d(N62..O11) 2.810(6) 2.798(6) 
d(N62-H) 0.93 0.93 
d(H..01) 2.631 2.615 
<N62-H-01 115.46 115.06 
d(N62..O1) 3.145(6) 3.124(6) 
Angle/* Part A Part B 
C1-C6-C61-N62 -76.5 (6) -73.8 (6) 
C6-C61-N62-H62 40.91 35.21 
C6-C61-N62-C63 158.4 (4) 152.6 (5) 
C6-C61-N62-C67 -76.7(5)  
Table 4.14 Hydrogen-bonding distances and angles in 4a-4 [Ni(1)2(C15COO)2] 
Table 4.15 Torsion angles defining the orientation of the pendant piperidino nitrogen atoms relative to 
the benzene rings to which they are attached in [Ni(I)2(C& 45COO)2]. 
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4.3.4 Structure of an "unconventional", dimeric copper sulfate complex 
[Cu2(2)2(SO4)2] 
This structure is related to earlier work on copper salicyldiminato complexes, where 
the strength of binding was moderated by the inclusion of a biphenyl bridge between 
the imine donor atoms (see (3) in Figure 4.25). 
When the preparation of [Cu(3)SO4} was attempted in a single phase system and 
attempts were made to grow crystals of the complex a product was obtained which 
contained a partially hydrolysed form of the ligand ((2) in Figure 4.25). 
Figure 4.25 Zwitteriomc form of the intended product (3) of the synthetic route used to produce (2) 
(Figure 4.2). Hydrolysis has occurred at the imine linkage indicated to give (2). 
The complex is di nuclear. Half of the structure is shown in Figure 4.26. Three of 
the four planar donor sites of an approximately square pyramidal copper (II) are 
occupied by the donor atoms on (2), the phenolate oxygen 01 A, the imine nitrogen 
N2A and the primary amine nitrogen N3A. This complex is radically different to the 
dimeric structures containing the ligand (1) in that the phenolate oxygen atom does 
not form a bridge between the two copper centres, and instead it is the sulfate oxygen 
01SA which occupies the fourth equatorial site and also acts as a bridge to the other 
copper centre where it defines the apical coordination site (Figure 4.27). This 
bridging interaction is relatively unusual as there are only four other examples of this 
type of interaction in the Cambridge Structural Database. 26,27,28,29,30 
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The coordination geometry around each copper centre (Table 4.16) is very similar 
with the chemically equivalent bond distances and bond angles in part A and Part B 
between the copper and the ligand donor atoms 01, N2 and N3 lying within 3 esds of 
each other. The distances between the copper atoms and the planar and apical sulfate 
oxygen atoms, however, are outwith three esds of each other and are therefore 
significantly different. It is also found in both parts that the apical bond is much 
weaker than the planar bond consistent with Jahn-Teller distortion. The two copper 
centres are separated by a distance greater than the sum of their van der Waals radii. 
This assembly is interesting as it is able to capture the copper sulfate salt and to 
encapsulate the sulfate anions at the centre of the complex where they are held in 
place by a bond to each copper centre and by hydrogen bonds (Table 4.17) from N3, 
the terminal amidino nitrogen atom and from the pendant piperidinium nitrogen 
atoms (N6), which adopt a conformation (Table 4.18) where they are turned inwards 
to form hydrogen bonds with the sulfate. 
Distances(A)/Angle(°) Part A Part B Distances/Angle a Part A Part B 
Cul-01 1.909(4) 1.904(4) 01 S-Cul-N2 160.90(18) 172.42(17) 
Cul-N2 1.981(5) 1.978(4) N2-Cu1-0IS' 117.25(16) 103.75(16) 
Cul-N3 2.002(4) 2.008(4) N2-Cul-N3 91.36(19) 90.93(19) 
Cul -01 S 1.968(4) 2.009(3) 01 S-Cul -N3 84.29(17) 84.21(17) 
Cul -01 S' 2.334(4) 2.241(4) N3-Cul-01 S' 82.86(16) 91.22(17) 
01-Cul-N2 94.41(18) 95.00(18) O1S-Cul-01S' 80.73(13) 82.23(14) 
01-Cul-N3 173.46(17) 173.11(18) Cul-Cul' 3.2444(10) - 
01-Cul-01S 91.21(16) 89.53(15) Cul-01S-Cul' 100.64(15) - 
01-Cul-OIS' 91.76(15) 90.75(15) Cul'-OlS'-Cul 96.39(14) - 
Table 4.16 Distances and angles in the copper coordination spheres in the dinuclear ICu 2(2)2(SO4)21 
complez. bAtoms  denoted by a prime are the chemically equivalent parts (A or B) of the ligands (2) or 
of the chemically equivalent sulfate anions. 
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Distance/Angle' Part A Part B 
d(N3-H) 0.92 0.92 
d(H..04S') 2.176 2.226 
<N3-H-04S' 128.7 140.4 
d(N3..04S') 2.843(6) 2.993(6) 
d(N3-H) 0.92 0.92 
d(H..01') 2.149 2.572 
<N3-H-01' 152.5 125.0 
d(N3..01') 2.996(6) 3.190(6) 
d(N6-H) 0.93 0.93 
d(H..04S) 1.786 1.884 
<N6-H-04S 158.5 155.5 
d(N6..04S) 2.673(6) 2.758(6) 
d(N6-H) 0.93 0.93 
d(H..S1) 2.747 2.871 
<N6-H-S1 171.3 166.3 
d(N6..SI) 3.669(5) 1 	3.781(5) 
C3IA 
	 C-% ') C A 
C64A 
C65A 
Figure 4.26 Structure of half of the dmieric 4b-1 [Cu2(2)2(SO4 )2] complex showing the atom 
labelling scheme and co-planar coordination of the three donor atoms from the ligand (2) and OISA 
from the attendant sulfate anion. Also shown are the hydrogen bonds (Table 4.17) formed between 
the protonated pendent amine N6A and the sulfate oxygen atom 04SA and the primary amine N2A 
and the sulfate oxygen atom 01 SA Hydrogen atoms other than those involved in hydrogen 
bonding have been omitted for clarity. 
Table 4.17 Hydrogen-bonding distances and angles in ICu2(2)2(SO4)21 a Distances are in A. angles in o 
bAtoms  donated by a prime are in the chemically equivalent part (A or B) of (2) or of the chemically 
equivalent sulfate anion. 
C25A 
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Angles/* Part A Part B 
CI-C6-C61-N6 -79.4(7) 700(7) 
C6-C61-N6-H6 74.3 -74.4 
C6-C61-N6-C63 -45.1(6) 168.9(5) 
C6-C61-N6-C67 1 -168.9(5) 45.89(7) 
Table 4.18 Torsion angles defining the orientation of the pendant piperidino nitrogen atoms relative to 
the benzene rings to which they are attached in (Cu-(2)-(SO) : ] 
Figure 4.27 Structure of 4b-1 [Cu2(2)2(SO4 )2 1 showing the connectivity around the copper atoms and 
the hydrogen bonding and the asymmetrical p interaction of the sulfate oxygen atoms with the two 
copper centres. 
This raises the question whether if a variant of (2) were synthesised with long and 
branched alkyl groups in place of the piperidine ring (R 2 in Figure 4.27), it would be 
possible to shield the copper sulfate units from the hydrophobic solvent which would 
aid phase transfer. Another possibility would be to incorporate groups with some 
hydrogen-bond donors in the R 2 groups, which would then complex to the other 










Figure 4.28 Zwitterionic form of a variant of(2) with a pendant dialkvlammonium group (R2)2NH to 
envelop the coinplcxcd CuSO 1 units. 
4.4 Discussion of conformation adopted by pendant piperidinium arms in the 
metal salt complexes and the effect on hydrogen bonds. 
In these complexes studies in this chapter containing (1) and (2) (Figure 4.10) the 
orientation of the piperidinium group is defined by two torsion angles, CI -C6-C6 1-
N62 and C6-C61-N62-H62 (see Figure 4.29). 
H 	C63 	 H62 
(B) 	C67 
Figure 4.29 Newman projection of (A)C1-C6-C62-N62 and (B) C6-C61-N62-H62. the two 
torsion angles defining the orientation of the protonated pipenclinium group relative to benzene 
ring in the chelate unit. The atoms defining the torsion angle are shown in bold. 
A summary of these torsion angles for each of the complexes in this chapter, together 
with the hydrogen bonds made by the piperidinium group is given in Table 4.19. In 
the metal salt complexes the piperidinium group is orientated to form hydrogen 
bonds with the closest electronegative atoms in the attendant anions. It is seen that 
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whether a hydrogen bond is formed to the phenolate oxygen atom is dependant on 
the nature of the interaction of the anion with the metal centre. For example, in the 
metal chloride structures, [Cu(1)(C1)2} and [Zn2(1)2(Cl)4] where the chloride anions 
are bound axially to the metal, bifurcated hydrogen bonds are formed with the 
piperidinium group as donor and the phenolate oxygen and chloride anion as 
acceptors. In the structures of [Cu(1)2(NO3)2] and [Cu(2)2(SO4)2] the hydrogen bond 
is made with the nearest oxygen atoms, which are three bonds removed from the 
metal centre and no bond with the phenolate oxygen is seen. It is also interesting that 
very similar values for the C1-C6-C61-N62 torsion angles are seen in the in the 
torsion angles for the "metal only" complexes [Ni(1-H)2] and [((Cu(1-H)2)21 where 
the piperidine nitrogen accepts a hydrogen bond from the oxime hydroxyl group and 
the metal salt complex [((Cu(1-H)2)2]. 
Structure Anion H-bond H-bond C1-C6-C61-N62 C6-C61-N62-H62 
position to to anion 
relative to M phenolate 
0 
[Ni(1-H)2] n/a n/a n/a 
55.8(3) 
-5 5.8(3)  
n/a  




axial, not 85.3(4) -43.4 
[Cu(1)2(NO3)2] coordinated 
n -85.3(4) 43.4 
equatorial, 55.6(4) -53 (3) 
[Cu(1)(C1)21 coordinated  -55.6(4)  53(3) 
equatorial, -70.3(3) -51.32 
[Zn2(I)2(CI)41 coordinated y' 66.5(3) 52.99 
axial, -76.5 (6) 40.91 
[Ni(1)2(C6H5COO)2] coordinated.   -73.8(6) 35.21 
equatorial, -79.4(7) 74.3 
[Cu2(2)2(SO4)2 coordinated I  70.0(7) -74.4 
Table 4.19 Summary ot the hydrogen bonds made oy me piperiamum group aria me torsion angles 
defining its orientation in the structures determined in this chapter 
126 
('hapler -I. - Metal salt extraclailts based oti salnc laldoxnmcs 
In previous work a validation of molecular mechanics was performed by using the 
universal force field and Cerius 2 to calculate the dependence of the energy of a 
fragment containing morpoline arms with the structures observed in the crystal 
structures for in nickel salicyaldimine complexes. 12,11.12  It was shown that there was 
good agreement between the calculated low-energy structures and the occurrence of 
low energy conformations in the crystal structures. Comparison of the 
conformations seen in the metal sail structures in this chapter with the calculated 
energy surface is interesting as it is seen firstly that the torsion angles lie close to the 
predicted low energy minima and secondly that the structures are grouped into two 
groups which are related by inversion symmetry and coincide with a predicted 
energy minimum and that the members of each group have torsion angles that lie 




Figure 4.30 The two free torsion angles in a fragment similar to that containing the piperidinium 
moiety in (1) and (2). X62 defines either the position of a dummy atom signifying the N62 lone 
pair. or hydrogen atom H62 in protonated structures. 
127 
















• I(Cu(1 )(C1 2 )J 
• I(Zn(1)2C141 
• [Ni(1)2(C6H5COO)2 1 
• [Cu2(2)2(SO4)2] 
-180 -150 -120 -9() -60 -30 	0 	30 	60 	90 120 150 180 
C 1 -C6-C61 -N62/ 0 
Figure 4.31 Potential energy map of the conformer search of Cl-C6-C61-N62 and C6-C61-N62-X62, (see 
Figure 4.30) with respect to potential energy. The contours are spaced at 0.5 kcal mol' and range from 
37.25 to 94.25. Blue lines indicate areas of low energy going to red at high energy. The spots plotted 
represent the values seen in the crystal structures of metal salt complexes determined in this chapter. 
22 
This suggests that synthesis of ligands related to (1) and (2) with long or branched di 
alkylamine groups in place of R 2 should give complexes where the polar 
coordination sphere is "shielded" from the solvent by the pendant arms. 
Structural input into the design of further ligands based on (1) or (2) would begin 
with modelling work in order to evaluate the strain energies associated with the 
conformation of the pendant amine arms by force field based calculations. This will 
present some interesting challenges. In order to describe the behaviour of the weakly 
bound anion in the copper nitrate complex of (1), [Cu(1) 2(NO3)2] using the universal 
force field it is necessary to find force constants and equilibrium positions for the 
parameters listed in Table 4.20 in addition to the parameters already existing in UFF 
and developed in previous work. 22,32 
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Atoms defining Description 
Cul-03N bond stretch 
01-Cu 1-03N bond bend 
0!'-Cul-03N bond bend 
N2-Cul-03N bond bend 
N2'-Cul-03N bond bend 
03N-Cul-03N bond bend 
01 -Cul -03N-N iN torsion 
01 '-Cu! -03N-N1N torsion 
N2-Cul -03N-N iN torsion 
N2'-Cul -03N-N1N torsion 
03N'-Cul -03N-N1N torsion 
Cul-03N bond stretch 
Cu 1 -03N-NIN bond bend 
Cu! -03N-N1N-02N torsion 
- 	Cu I -03N-N !N-03N torsion 
Hydrogen bonds are normally modelled in UFF using van der Waals and 
electrostatic interactions. 32  The accuracy of this is dependent on being able to 
calculate representative charges. A starting point for the development of the valence 
parameters in Table 4.20 would be to study a model complex related (Figure 4.32) to 
[Cu(1)2(NO3)2] using ab initio and DFT techniques in order to calculate the energies 
of a series of structures derived from [Cu(1)2(NO3)2J by perturbation of the nitrate 
anion in order to derive the equilibrium positions and the force constants. The results 
of these calculations can then be validated by comparison with the crystal structures 
of copper oximes. 
or's) 
/ 	0 	N 0—N \/oH 	0 
/ 
01111111111 liii Cull 1111111111110—N 
H0/\ 0 N 0 
Figure 4.32 Complex of copper with simple oxime ligands for ab initio calculations relating to 
the energies associated with perturbation of the position and orientation of the nitrate anion. 
The simplest approach to evaluating the different conformational energies of the 
structures determined in this chapter with bound anions would be to perform a 
Table 4.20 valance terms necessary to describe the position and orientation of the nitrate anion in 
[Cu(1)2(NO3)21 using a force field such as UFF.0 Bookmark not defined. 
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gas-phase conformational search using either Monte Carlo or annealed molecular 
dynamics simulations. A possibility for the development of [Cu(2)2(SO4)2] is to 
incorporate hydrogen bonding functionalities into the R2 pendant amine arms (Figure 
4.28) in order to better complex the sulfate and provide, better shielding from the 
solvent. Knowing the extent of exposure of the anion from the solvent would be 
useful in designing a reagent to extract cr in preference to S042  or vice versa. The 
molecular modelling study would be a fairly straightforward method of evaluating 
the possibility of doing this. Studying the dependence of energy and the degree of 
shielding afforded by the long chain dialkyamine derivatives would be harder, and 
would necessitate solution-phase simulations. Using this information it would 
hopefully be possible to interpret the pHl,2 values associated with loading of metal 
salts. 
4.5 Conclusions 
The studies have revealed how the pendant 3-dialkylamine groups can become 
involved in intra-complex hydrogen bonding to stabilise metil complexes. 
It has been shown that the inclusion of hydrogen bond acceptors in the 
pseudo-macrocycic "metal only" complexes [(Cu(1-H)2)2] and [Ni(1-H)2] has the 
effect of enhancing the stability. It is expected that lower pHI,.2 values will be 
measured this type of complex than for the unsubstituted analogues (Equation 4.3) 
M2 + 21Lorg - 	[M(L-H)2] 0 + 2H 	Equation 4.3 
In all the complexes with metal salts the zwitterionic form of the ligand is used in 
which the protonated piperidino group always functions as a hydrogen bond donor to 
the attendant anions X (Equation 4.4). 
MX2 + 2Lorg - 	[ML2X2]org + 2H 	Equation 4.4 
The structures of two metal chloride complexes of (1) 4a-5 [Cu(1)(Cl)2], 4a-6 
[Zn2(1)2(C1)4] show that these have a 1:1 metal to ligand ratio. This is encouraging 
from the point of metal transport efficiency, the mass of metal transferred to the 
organic phase per unit mass of reagent. In these complexes it has been shown that 
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the chloride anions are coordinated directly to the metal and that the complexes 
dimerise via bridging interactions made by the phenolate oxygen atom rather than the 
chloride anions. It is also shown that intra-molecular hydrogen-bonding interactions 
are formed between the oxime hydroxyl groups and the chloride anions. 
The structure determination of the "metal sulfate" complex, 4b-1 [Cu2(2)2(SO4)2] 
allowed us to characterise the ligand (3) as having been generated by hydrolysis and 
revealed an unusually strong interaction with sulfate anions, which could be 
exploited in the development of more efficient extractants for base metal sulfates. 
We also determined the structure of two metal salt complexes, 4a-3 [Cu(1)2(NO3)2] 
and 4a-4 [Ni(1)2(C6H5COO)2]. The copper nitrate structure, [Cu(1)2(NO3)2] was 
interesting as a "proof of concept" for the extraction of metal nitrates into water 
immiscible ionic liquid solvents, where it is necessary to load the nitrate anion 
selectively to prevent anion exchange and oxidation of the solvent. The nickel 
benzoate structure [Ni(1)2(C6H5COO)2] provides "proof of concept" for using similar 
complexes as resolving agents for chiral carboxylic acids. We see that the usual 
planar pseudo macrocyclic arrangement observed in bis-phenolic oximes does not 
occur. incorporation of some chiral substituent on C21 would conceivably generate 
a chiral binding site for the carboxylate anion so these molecules are worthy of future 
development as resolving agents for carboxylic acids. 
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Chapter 5 Design of reagents for nickel sail recovery 
In this chapter the results of crystal structure determination, database searching and 
molecular modelling carried out in support of a project to develop sexadentate and bis 
tridentate ligands as reagents for nickel salt recovery are presented.' 
OH 
	
R' — O 	 R1 	 0-  
R2—N—H 	 R2 —N—H 	H— —R2  
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MS + H20 + 1O2 	 M 	2304 	 Overall 
Figure 5.2 Schematic showing extraction and stripping of metal sulfate 
In chapter 4 and in previous work in our group bidentate and tetradentate ligand 
systems involving salicyldoximato (Figure 5.1(A)) or salicylaldiminato (Figure 
51(B)) ligands have been studied as reagents for recovery of metal salts from acidic 
media (Figure 5.2).23.4  While these ligands are successful in extracting copper they 
perform poorly with Ni(II), partly because of the unfavourable kinetics of loading and 
stripping associated with low-spin square-planar nickel . 3 This chapter concerns ligand 
systems intended to form high-spin, octahedral complexes with Ni 2 . Three types of 
ligand are involved. The first is a trifurcated tris-salicylaldimine ligand 
(Figure 5.3 (C)). 5 The second type is a bifurcated sexadentate ligand comprised of 
two salicylaldiminato units linked by a bridge containing two donor atoms, which 
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may be either nitrogen, oxygen or sulfur (Figure 5.4 (D). The third is a tridentate 








'R2 	 H—N—R2 
R2 
Figure 5.3 Zwitterionic form of a trifiircated sexadentate tris-salicylaldiminato ligand. 
R 3  R4 
 
X 	N- 









R2 	 IV 
Figure 5.4 Sexadentate ligand, R 3 is either propylene or ethylene, R4 may be either ethylene or 
o-phenylene, R' is a tertiary butyl and R 2 is either part of a piperidine ring or a nonyl group. E is a 
tridentate analogue of D 
These ligands were investigated to see if they would extract nickel sulfate selectively 
over nickel chloride. While this is desirable from the commercial standpoint it 
presents a challenge technically as it runs counter to the Hoffineister bias in that 
sulfate is much more strongly hydrated than chloride. 6 
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5.1 Searches of the Cambridge Structural Database for octahedral complexes of 





Figure 5.5 - The four possible conformers that the ligand can adopt. The S... S vector is shown (in 
orange) in the same location on each of the resulting four octahedral isomers. 
The four possible isomers resulting from coordination of the sexadentate ligand 
(Figure 5.4 A) are shown in Figure 5.5. Dwyer et al. studied cobalt(III) complexes of 
a range of the parent ligands used in our work without the pendant 
dialkylaminomethvl groups. 7,8,9,10  They proposed that the reaction of 3.6-di-thia-1,8-
bis-(salicylideneamino)-octane and cobalt(II) acetate gave an octahedral complex with 
the phenolate oxygen atoms located cis to each other, the nitrogen atoms trans and the 
sulfur donor atoms cis to each other, so that the oxygen, nitrogen and sulfur atoms of 
each ligand are in a meridional form, i.e. isomer A in Figure 55•7  Cannon et at. 
prepared similar sexadentate complexes with Co(I11) and Ni(II)." 
In previous work in our group molecular mechanics calculations were carried out to 
predict the energy differences between the four isomers that could be formed by the 
ligands defined in Table 5.1 bonded to a Ni2  atom. 12  It was found that for all the 
hgands studied the lowest energy form was in isomer A in Figure 5.5, the same 
isomer as that proposed by Dyer et at. as the "strain free" mode of attachment for 
the ligand. 7 
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Substituents Conformer 
Energy kcal moi 3 
R3 R4 X A B C D 
o-C6114-1 -CH2-CH2- S 0 27.6 129.8 47.3 
-CHI-CH2- -CH2-CH2- S 0 30 81.1 32.2 
o-C6H41- -CH2-CH2- 0 0 53.5 46.9 45 
-CH2-CH2- -CH2-CH2- 0 0 36.2 39.3 22.4 
Table 5.1 - A comparison of the energies of the four possible conformers shown in Figure 5.5 for each 
of the ligands. The energies were calculated via molecular mechanics by Dr Andy Parkin. All energies 
were calculated in kcal mol'. 
The systems of interest to us 20 as models for reagents to transport metal salts are 
shown in Table 5.2. We are interested in knowing which isomers are observed for 
these types of ligand, how the "goodness of fit" of the donor atoms for the central 
metal atom varies with different linkage groups (R) between the imine nitrogen and 
the donor atom X, and with different R4 bridges, or indeed no linkage at all between 
the two donor atoms X and thus forming bis(tridentate) complexes. It is of interest 
whether the donor set is able to provide a regular octahedral donor set, which is 
favoured by high-spin Ni2 . Another key issue is the disposition of the pendant 
tertiary amine groups in the pseudo-octahedral complexes and to what extent these are 
then able to bind in a protonated form to sulfate ions. 
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ligand type Connectivity 
R3 	R4 	R3 
sexadentate 












/ N / either: 
N 	X N 	X 	N 	X 
/ \ 	represents either 	 or 	(] X 	X X 	X 	X 	X 
X represents either an oxygen, nitrogen or sulfur atom. 
Table 5.2 The model ligand systems discussed in this section. 
A search 13  of the Cambridge Structural Database was made using 14  the program 
Conquest for molecules containing the fragment shown in Figure 5.6(i) and 
specifically excluding the fragments shown in Figure 5.6(ii, iii and iv), i.e. where 
sulfur, nitrogen or oxygen atoms form a bridge between two metal ions and where a 
di-imine analogue of salicylaldimine ligands is present. 15  The atom labelling scheme 
is shown in Figure 5.7. The search returned 73 structures, which are listed in 
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around the central metal atom and fitted (Figure 5.8) a least-squares plane to 01, N2 
and Ml of each ligand and obtained the distance of X3 from this plane. A summary 
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Figure 5.6 Fragment for CSD searches. M was specified as 6 co-ordinate and one of Co, Fe, Mn, 
Ni or Zn. Where an atom is denoted Y,,, it means that the connectivity on the parent atom has 
been left as unspecified and any number of atoms of any element may be bound. The wavy line 
indicates that any bond type is permitted. 
C22B C27B 	C27A C22A 
N213 /VW.\ 






C4B\ /C1B01 B MIA O1AC1AJC4A 
C513 C613 C6A C5A 
Figure 5.7 Numbering scheme used for complexes matching the search fragment shown in Figure 
5.3. 
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01 4N2 
(A) 	 (B) 
Figure 5.8 Ivo possible binding modes for a tridentate salicylaldiminato ligand containing an 
additional donor atom, X3, linked by a -(CH 2)2- link to the imine nitrogen atom. In (A) the X3 atom 
(in this case a nitrogen (N3)) lies close to the salicylaldiminato chelate ring (a meridional 
arrangement) while in (B) the X3-metal bond is approximately perpendicular to the 




R' R2 Co Fe Ni Mn Zn 
o 	- N -(CIl),- n/a 6 1 6 7 I 
o N o-phenylene n/a 2 1 1 I 2 
N N -(Cl-I 2)2- n/a 8 8 1 1 - 





-(CH2)2 - n/a - - 1 - - 
o-phenylene n/a I - I - 
-(CU 2)2- -(CU2)2- - - - - - 
o Y o-phenylene -(CH2)3- - - - - - 
o Y -(Cl-I 2 )2- -(Cl-I 2)2- - - - - - 
o Y o-phenylene -(CH2 )3- - - - - - 
N Y -(CU2 )2- -(CH 2 )2- 1 15 3 1 1 
N Y o-phenylenc -(CH2)3- - 4 - - - 
N Y -(C 112)2- -(CH2 ) 2- - - - - - 
N Y o-phenylene -(CH2)3- - - - - - 
S Y -(CU2 )2- -(C H2)2- - - - - - 
S Y o-phenylene -(CH2)3- - - - - - 
S Y -(CU2)2- -(CU 2 )2- 2 
S Y o-phenylene -(CU 2 ) 3- I - - - - 
Analysis of the distance of X3 from the plane fitted to the metal and 01. N2 atoms in 
the parent ligand (Figure 5.9) indicates that with one exception all the complexes 
have the tridentate component in the meridional form (A in Figure 5.8). The 
exception is an iron complex identified by the CSD code DABQEC (Figure 5. 10),16 
with the coordination geometry defined in Table 5.4. 
Table 53 Classification of the number and type of complexes in the CSD matching the conditions imposed 
by the search fragment show in Figure 5.4 and not excluded by the fragments in Figure 5.5. 
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045 	1) m5 	tiltS 	1.05 	1.25 	1.45 	1.65 	1.85 	2.05 
Distance A 
Figure 5.9 Distribution of distances of the X3 atoms from the least squares plane defined by the 
metal atom and the 01 and N2 atoms on the parent ligand. 
MA 
Figure 5.10 Crystal structure of DABEQC.' ° 
This structure corresponds to isomer C in Figure 5.5. This is currently the only 
structure in the CSD showing this particular binding mode. The arrangement of the 
ligand in this structure may be due to the presence of the bulky phenvi substituents on 
C21 and to the presence of the -(CH2 )3- group linking the two halves of the ligand 
which is able to form a six-membered ring in the chair conformation. 
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Distance/A Part A Part B 
Nil-01 1.892 1.889 
NiI-N2 1.919 1.912 
NiI-D3 2.009 2.007 
Angle/'  
01-Nil-N2 87.89 - 
01-NiI-N3 91.73 - 
01-Nil-01' 177.01 - 
01-Nil-N2' 90.31 - 
01-Nil-N3' 85.55 - 
N2-Nil-N3 84.18 - 
N2-Nil-01' 90.92 - 
N2-Nil-N2' 100.00 - 
N2-Nil-N3' 171.86 - 
Ol'-Nil-N3 90.88 - 
01'-Ni1-N2' 87.20 - 
01 1-Nil-N3' 95.86 - 
N2'-Nil-N3 175.42 - 
N2'-Nil-N3' 84.87 - 
D3-Nil-N3' 91.20 - 
Otherwise the results of the search are in agreement with the conclusions of Dwyer et 
at and confirm the molecular mechanics calculations on sexadentate systems carried 
out previously by Dr Parkin for sexadentate systems. 7 ' 8 ' 9" 0" 2 
Table 5.4 Bond distances and angles around the iron centre in DABQEC (see Figure 5•7)16 
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Figure 5.11 The six possible isomers for octahedral complexes of ligand type E in Figure 5.4 
It is also observed that white there are theoretically six possible isomers of a b/s-rn 
dentate complex (Figure 5.11) the X3 atom always lies close to the plane defined by 
the Ml, 01 and N2 atoms (Figure 5.12) and the isomer D is always formed. 
Figure 5.12 Attachment of a tridentate salievlaldimine ligand to a metal centre. X3 lies very 
close to the plane defined by 01, N2 and MI 
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It is likely that this arrangement minimises the strain around the conjugated N2 imine 
nitrogen. Once the first ligand is attached in such a meridional manner with the X3 
atom coplanar with the metal centre, imine nitrogen and phenolate oxygen then there 
are only two possible ways in which the second ligand can be attached (see Figure 
5.13). These must also have the tridentate in a meridional form and are optical 
isomers (see Figure 5.13). 
Figure 5.13 The two equivalent complexes formed by attachment of a second ligand to the metal 
centre of Figure 5.13. 
5.2 Crystal structure determinations ofpseudo-octahedral nickel complexes and 
tridentate ligands 
The crystal structures of nickel(II) complexes containing the sexadentate ligands (5), 
(6) and (7), whose chemical compositions are defined in Figures 5.14-5.17 were 
determined. The crystal structure of the tridentate ligand (8) has also been obtained 
although no complexes of this ligand have yet been crystallised. 
All data were collected by members of the Parsons group. The structures were solved 
and refined by the author. Details of structure and refinement are given in Tables 5.5 
and 5.6. 
The tris-salicylaldimine ligand (5) shown in Figure 5.14 was synthesised and 
crystallised by Dr David Henderson and Dr Hamish Miller. The ligands (6), (7) and 
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(8) (Figures 5.15, 5.16 and 5.17) are pseudo octahedral ligand systems synthesised 









Figure 5.15 Zwitterionic form of the bifurcated sexadentate ligand (6). 




Figure 5.16 Zwitterionic form of the bifurcated sexadentate ligand (7). 
P-~ 
o- 
Figure 5.17 Zwitterionic form of the tridentate ligand (8). 
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Complex Notes on solution and 
refinement 
5a-1 [Ni(5)C121 Two complexes per asymmetric 
unit 2.5 Molecules of diffuse 
dichioro methane (110 e) per 
formula unit were modelled using 
the method of van der Sluis and t- Spek' 7 and the program PLATON. 18 One of the t-butyl groups (C41D -> C44D) is 0 / 
H' Q 
 
rotationally disordered over two 
positions in an 85:15 ratio. The
thermal parameters of the major \N_ 
component of the disorder were 
refined anisotropically while the 
minor components (C42G -> 
C44G) were refined istropically.  
H 0 HN 2[crl 
DKHMM3  
5b-1 562 Electrons/cell were modelled 
[Ni(6)(CH3COO)2] as 3.9 molecules of diffuse di 
chioro methane solvent per unit cell 
using the method of van der Sluis 
and Spek17 and the program 
PLATON.' 8 
( P Restraints were used to maintain a reasonable shape for the acetate  
N 	o 
anions during refinement. Part of 
one of the acetate anions shows 






Table 5.5 X-ray structure determinations of metal complexes showing the compounds involved and 
any special features associated with their structure solution and refinement. 
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Complex Notes on solution and refinement 
5b-2 [Ni(7)C12] The structure was solved using the program DIRDIF using a Patterson vector search based on the following fragment 
taken from 5b-1. 
I 4 H JN( N- - 0 7 
(S 	
Ni 
Unusually for this type of structure the solvent in the 




- collected at 220 K owing to the crystal undergoing a phase 






Tridentate free ligand. No crystal structures of complexes 





Table 5.5 cont. X-ray structure determinations of metal complexes showing the compounds involved 
and any special features associated with their structure solution and refinement. 
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5a-1 [Ni(5)C12 1 	I 	5b-1 [Ni(6)(CH3COO)21  
Crystal Data  
Formula C 5oH89Cl7N6NiO3 C459517173 900390N6NiO6 
Mr 1231.22 1003.38 
Crystal system Triclinic Triclinic 
Space Group P-I P-i 
a IAI 15.5235(13) 12.6862(8) 
blAl 16.4482(15) 13.1778(8) 
c [A] 28.230(3) 18.1865(11) 
a 101 96.448(2) 84.8330(10) 
0101 105.731(2) 77.9750(10) 
11 108.900(2) 62.9670(10) 
V [A3 J 6403.7(10) 2648.7(3) 
Z. 4 2 
Pkd I 	cm 31 1.277 1.258 
Crystal shape and colour Orange block Red block 
Crystal size [mm] 0.45 x 0.24 x 0.18 0.21 x 0.21 x 0.21 
P [mm 1 J 0.641 0.612  
Data Collection  
Diffractometer Bruker SMART APEX CCD Bruker SMART APEX CCD 
(A) 0.71073 0.71073 
Type ofscan (o and + üandd 
Abs. corr. 
(Tw in, Twax)  
0.838, 0.928 . 	 0.927, 1.000 
0mm,0mz 0.77 to 25.00 1.14 to 28.88 
T IKI 150(2) 150(2) 
Solution and Refinement  
Solution 
(program)  
Patterson (DIRDIF) Patterson (SHELXS) 
H placement geometric geometric 




Unique data with F,>4(F0) 11688 9651 
Parameters 1239 537 
Restraints 45 12 
Max. MY 0.000 0.002 
R 1 , 
wR 2  
0.0678, 0.1862 0.0667, 0.1732 
Flack parameter N/A N/A 
Weighting scheme, w 0.0989, 0.0000 0.1033, 0.2176 
Goodness of fit 0.880 1.034 
Largest residuals leAl 0.589,4.137 0.946,-0.377 
Table 5.6 Details of crystal structure refinement for 5a-1 and Sb-i. 
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5b-2_1Ni(7)C121 	I 	5b-3_[(8)1 
Formula 
Crystal Data 
C55 H75 C1 11 N4 Ni 0352 	 C24 H32 N2 02 
Mr 1352.97 380.52 
Crystal system Monoclinic Monoclinic 
Space Group P21/n P21/c 
alAl 14.9107(18) 17.310(14) 
b IAJ 18.750(2) 11.845(9) 
c IAI 24.588(3) 11.065(9) 
aI°J 90 90 
P 11 103.340(2) 95.998(15) 
7101 90 90 
V tA3j 6688.9(14) 2256(3) 
Z 4 4 
Pd ig cm 3J 1.344 1.120 
Crystal shape and colour red plate orange plate 
Crystal size ImmI 0.58 x 0.56 x 0.05 1.20 x 0.34 x 0.20 
Imm1l 0.834 0.071  
Data Collection  
Diffractometer Bruker SMART APEX CCD Bruker SMART APEX CCD 
(A) _X 0.71073 0.71073 
Type ofscan o) and u and 4 
Abs. corr. 
(Tmm, Tm ) 
0.144, 1.000 0.114, 1.00 
Omm,Omax 1.38 to 28.91 2.09 to 25.01 
T [K] 150(2) 220(2) 
Solution and Refinement  
Solution 
(program)  
Patterson (DIRDIF) Patterson (DIRDIF) 
H placement geometric geometric 




Unique data with F>4s(F0) 9199 2456 
Parameters 759 254 
Restraints 76 9 
Max. A/a 0.001 0.000 
R 1 , 
wR 2  
0.0646, 0.1831 0.0728 
Flack parameter N/A N/A 
Weighting scheme, w 0.0707, 1.8304 0.0888, 1.0726 
Extinction param refined to zero and removed refined to zero znd removed 
Goodness of fit 1.044 1.049 
Largest residuals le A 3j 0.968,-0.992 0.422, -0.239 
Table 5.7 cont. Details of crystal structure refinement for 5b-3 and 5b-4. 
5.2.1 Discussion of the structure of the tris salicyaldimine nickel chloride 
complex [Ni(5)C12]. 
In this crystal structure there are two chemically similar but crystallographical ly 
independent complexes in the unit cell. The coordination geometry around the nickel 
atom is listed in Table 5.8. Both complexes have two Cl - counterions associated with 
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them. In both a chloride ion sits inside the caN itv formed bN the Pendent amine arms 
(Figure 5.18). Both complexes show similar conformations of the pendant amine 
arms and hydrogen bonding motifs (Tables 5.9 and 5.10). Here all three arms form 
hydrogen bonds with the phenolate oxygen atom and two of them form hydrogen 
bonds with the encapsulated chloride anion. 
Figure 5.18 Structure of the 5a-1 [Ni(5 )C1 2 j complex showing the interaction with the encapsulated 
chloride anion. Hydrogen atoms other than those involved in hydrogen bonding have been omitted 
or clantv, 
Part A Part B Part C Part D Part E Part F 
Nil-01 2.029(3) 2.045(3) 2.053(3) 2.025(3) 2.059(3) 2.059(3) 
Nil-N21 2.052(4) 2.056(4) 2.035(3) 2.043(4) 2.033(4) 2.053(4) 
01-Nil-01' 87.24(11)  90.18(12)  
01-Nil-01" 91.08(11)  87.37(12)  
O1'-Nil-01" 86.92(11)  88.84( 11) 




N2'-Nil-N2"  89.74(13)  90.21(15) 
01-Nil-N2 87.44(13) 89.78(12) 90.18(12)  
01-Nil-N2" 89.70(12)  177.16(13)  
01-Nil-N2" 176.85(13)  89.97(14)  
Table 5.8 Coordination geometry around the nickel atoms in the two crystallographically independent 
complexes in 5a-1 ([Ni(5)C1 2 ]) 
'Parts A, B and C have been numbered in an anti-clockwise direction while parts D, E and F have been 
numbered in a clockwise direction. 
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- First independent molecule 
(PartA,BandC) 
Second independent molecule 
(Parts D,EandF) 
Atoms defining Part A Part B Part C Part D Part E Part F 
d(N62-H62)/A 0.93 0.93 0.93 0.93 0.93 0.93 
(i(H62..01)/A 2.617 1.792 1.942 2.614 1.988 1.827 
HN62_H6201/0 117.1 139.4 133.8 116.9 133 137.9 
d(N62..01)/A 3.151(4) 2.571(4) 2.672(5) 3.146(4) 2.709(5) 2.594(5) 
d(N62-H62)/A 0.93 - 0.93 0.93 0.93 - 
d(B62.CI)A 1.811 - 2.682 1.802 2.73 - 
<N62-H62-Cl/° 165.9 - 118.2 165.7 114.9 - 
d(N62..Cl)A 2.722(5) - 3.227(5) 2.712(5) 3.233(5) - 
Table 5.9 I Ivdrogcn honding in I NitS 1J 
Complexes based on (5) extracted NI0 2 successfully although it was found that the 
ligand was susceptible to hydrolysis.' 9 
First independent molecule 
(PamtA,BandC)  
Second independent molecule 
(Parts D,E and I)  
Atoms defining Part A Part B 
torsion angle!°  
Part C Part D Part E Part F 
C1-C6-C61-N62 80.1(5) -40.4(5) -46.6(5) 79.5(5) 48.5(5) 42.0(6) 
C6-C61-N62-H62 -51.6 49.0 55.3 -51.2 54.9 52.1 
C6-C61-N62-C63 -169.6(3) -67.5(5) 172.1(4) -168.6(4) -618(5) 168.1(4) 
C6-C61-N62-C67 66.9(4) 1 	165.0(4) 1 	-62.5(5) 1 	66.8(5) 172.5(4) -64.2(5) 
Table 5.10 Torsion angles adopted by pendant amine arms in [Ni(5)C1 2 ] 
/ 
Figure 5.19 Structure of (Ni(5)S04 1. 
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The structure of the related [Ni(5)SO 4] complex was determined 2" 9 by Dr Andy 
Parkin (Figure 5.19). In contrast to Figure 5.14 where one of the anions is inside the 
cavity formed by the three parts of the ligand the sulfate is outside the cavity and 
exposed to the solvent. It was found that chloride anions were extracted in preference 
to sulfate which suggests that the complex is unable to provide enough hydrogen bond 
donors or provide enough hydrophobic "shielding" to be able to extract sulfate 
preferentially. 
5.2.2 Discussion of the structures of complexes of bifurcated sexadentate ligands 
[Ni(6)(CH3COO)2}, [Ni(7)Cl 2] and the free ligand (8). 
5.21.1 Structure of a nickel acetate complex of (6), [Ni(6)(CH3COO)2] 
Generally our group uses metal acetates to prepare "metal only" complexes. This is 
done so that the conformation and chemistry of the unprotonated pendant amine arms 
can be investigated. Preparation is achieved by treating an aqueous solution of the 
acetate salt of the complex with ammonia to remove the acetic acid. For unknown 
reasons ammonia was not used in the washing stage in the reaction of ligand (6) and a 
nickel acetate complex was isolated.' Here the N62 pendant amine arms are 
protonated so the ligand carries an overall zero charge. The N62 and N3 atoms form 
hydrogen bonds to the two acetate counter ions, one of which shows partial disorder 
over two positions. 
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C2113 (31 	(4 
Figure 5.20 Structure ot' the bipodat pseudo octahedral INi(6)(CI 1 1C00)21. Hydrogen atoms have 
been omitted [Or clantv 
The nickel atom is octahedral. (see Table 5.11), 01 A and 0113 are located cis to each 
other, the imine nitrogens, N2A and N213 are trans and the amine nitrogens, N3A and 
N313 are cis to each other (Figure 5.20). This is a similar configuration to that 
observed in previous structures, corresponding to isomer A in Figure 5.5. 20 
IINi(6XCI-I1COO)21 INi(7)C1 2 1 
Distance/A Part A Part B Part A Part B 
Nil-01 2.0241(17) 2.0242(17) 1.994(2) 1.972(2) 
Nil-N2 2.007(2) 2.018(2) 2.031(3) 2.037(3) 
Nil-D3 2.122(2) 2.119(2) 2.4498(10) 2.3961(10) 
AngJe/A  
01-NiI-N2 89.77(8)  90.33(10)  
01-NiI-X3 170.36(8)  173.09(7)  
01-Nil-Ol' 94.90(7)  91.04(10)  
01-Ni1-N2' 91.73(8)  92.04(10)  
01-NiI-X3' 92.16(8)  92.49(7)  
N2-NiI-X3 82.67(9)  82.76(8)  
N2-NiI-01' 90.23(8)  92.36(11)  
N2-Nil-N2' 178.47(9)  175.42(12)  
N2-Nil-X3' 97.38(9)  92.41(9)  
O1'-Nil-X3 91.12(8)  89.59(7)  
O1'-Nil-N2' 89.36(8)  91.52(11)  
O1'-Nil-X3' 169.65(8)  174.05(8)  
N2'-Nil-X3 95.87(9)  94.82(8)  
N2'-Nil-X3' 82.85(9)  83.58(9)  
X3-Nil-X3' 82.94(8)  87.48(4)  
Table 5.11 Coordination geometry in 51>-I lNi(6XCH3COO)21 and INi(7)C121 
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INi(6)(CH3COO)2 I Ni(7)C12l 
Torsion angle/° Part A Part B Part A Part B 
C1-C6-C61-N62 -70.3(3) -66.5(3) 92.7(4) -87.3(4) 
C6-C61-N62-H62 51.32 52.99 -175 179.9 
C6-C61-N62-C63 -67.4(3) -65.8(3) 69.2(4) 63.6(4) 
C6-C61-N62-C67 169.1(2) 171.0(2) 1 	-58.8(4) 70.6(6) 
Table 5.12 Torsion angles defining the orientation of the piperidinium groups relative to the benzene 
rings to which they are attached in [Ni(6)(CH 3COO)2] and [Ni(7)C1 2] 
The pendant piperidinium arms adopt a conformation such that N62 is able to act as a 
hydrogen-bond donor for the carboxylate oxygen atoms on the acetate counter .  ions 
(see Tables 5.12 and 5.13). 
The protonated N62B forms a hydrogen bond with a disordered carboxylate oxygen 
022E and 025E. The other oxygen in the carboxylate (021E) accepts a hydrogen 
bond from N3A. The other pendant piperidinium nitrogen atom, N62A forms a 
hydrogen bond with the 011  carboxylate oxygen of the acetate counter ion and its 
other oxygen atom accepts a hydrogen bond from a symmetry related N3B. These 
interactions give rise to a polymeric arrangement of complexes and anions (Table 5.13 
and Figure 5.21) 
[Ni(6)(CH3COO)2] [Ni(7)C121 
Part A Part B  Part A Part B 
d(N62-H62) 0.875 0.875 0.976 0.976 d(N62-H62) 0.93 0.93 
d(H62..0) 1.783 2.548 1.691 2.559 d(H62..Cl) 2.084 2.109 
<N62-H62-0 176.9 124.26 177.66 122.92 <N62-H62-Cl 173.19 168.43 
d(N62..0) 2.658(3) 3.126(3) 2.667(3) 3.197(8) d(N62..Cl) 3.010(3) 3.026(3) 
Acceptor OIIE 012E 022E 025E_$2 Acceptor CIIA CuB 
d(N3-113) 0.872 0.872 0.741  
d(H3..0) 2.093 2.371 2.201  
H-O 158.53 155.07 160.36 
3..0) FAe 2.922(10) 3.183(8) 2.909(3) ptor 025E_$3 021E $2 012E $ 1 
Table 5.13 Hydrogen bones tormea in [N1()((-;H3CUU)2] ano [1N1 I)L12J complexes. iiioms 
denoted: $3 are related by [-x+1,-y+2,-z+2], $2 by [-x+1 ,-y+2,-z+2] and 
_$1 by [-x+1,-y+2,-z+3] 
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Figure 5.21 Polymeric arrangement of hydrogen bonds in the INI(6)(C11 3C00)21 crystal 
structure. I lvdrogerm atoms other than those involved in hydrogen bonding have been 
omitted for clarlt\ 
5.2.2.2 Structure of a nickel(II) chloride complex of 7, INI(7)C1 2 1, 5b-2 
This structure is similar to that of INi(6)(CH3COO)21 although C22 and C27 are part 
of a phenylene group and the donor atoms in the central linkage are sulfur instead of 
nitrogen. The co-ordination geometry is detailed in Table 5. 11 and the complex has 
the same isomeric form (A in Figure 5.5) as other complexes, i.e. with phenolate 
oxygen atoms cis to each other, the N2 nitrogen atoms trans and the thioether S2 
atoms cis to each other (Figure 5.22). 
Both pendant amine arms are protonated and adopt a conformation that allows them to 
form a hydrogen bond with a chloride anion. (Tables 5.12 and 5.13 and Figure 5.22) 
The structure of a closely related complex [NI(6)SO 4] determined by Dr Andy Parkin 
had a polymeric arrangement with the sulfate dianion linking metal complexes (Figure 
5.23) rather than having the pendant amine arms sequestering the anion(s).' 2 Such an 
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arrangement suggests that simple deriaties of (6), (7) and (8) ill be unable to 
encapsulate dianions or to provide an environment which can compensate for the high 
levels of hydration in water and will thus be weaker extractants for nickel(II) sulfate 
than nickel(II) chloride. Recent work at Edinburgh has focused on the provision of 
more H-bond donor groups into the sulfate binding sites. 4 
S., 
Figure 5.23 Polymeric arrangement of hydrogen bonds seen in the crystal structure of LNi(6)S0 4 1 
determined by Dr Andy Parkin. 12 The pendant amine arms are turned outwards to interact with 
the sulfate anions. 
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5.2.2.3 Discussion of the structure of the free ligand (8). 
Figure 5.24 Structure of the free ligand (8). 
The structure of this ligand is shown in Figure 5.19. The 01  phenolic hydroxyl 
group forms a hydrogen bond with the N2 imme nitrogen atom. Details of the 
conformation adopted by the deprotonated pendant amine arm and of the hydrogen 





j <DHA d(D.A) Acceptor 
01411 T147.33 2.586(4) N2 
'table 5.14 Hydrogen bonding in () 




Table 5.15 Torsion Angles adopted by the pendant amine arm in (8) 
53 Molecular mechanics and molecular dynamics studies of solution phase metal 
salt transport reagents for nickel(II) in solution. 
In previous work Dr Andy Parkin modified 12  the universal force field (tiFF) so that it 
was able to reproduce the geometry around the nickel centre of the octahedral 
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complexes. 21.  In order to do this it was necessary to add the atom types in Table 5.16 
to the force field. 
Atom-type Description Shape 
Natural 




Trigonal planar carbon atom double Trigonal planar 0.70 120 
- bonded to donor nitrogen atom. 
Trigonal planar nitrogen donor atom in 
N_2sb ligands with a bridge to a similar Trigonal planar 0.70 130 
nitrogen donor. 
N 2su _ 
Trigonal planar nitrogen donor atom in TrigOnal planar 0.73 130 
an unbridged ligand. 
O 2s _ 
Non-linear 2 coordinate oxygen donor Trigonal planar 0.70 120 
atom. 
N16+2 
Octahedral nickel in formal +2 1.35 90 
oxidation state. 
Table 5.16 Atom types added to the tiFF by Dr Andy Parkin in order to reproduce the structure of 
high-spin Ni(ll) complexes. 
The force constants and equilibrium bond distances listed in Table 5.17 were added to 
the force field. The distances were chosen by trial and error so that the models were 
satisfactorily close to data obtained from the CSD and from structures determined in 
Edinburgh. It is noteworthy that the force constant was the default value also used for 
C-C bonds and that no angle parameters were added and it was necessary to ignore 
these undefined parameters in the energy calculation. 
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- E 0' 
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Figure 5.25 The interaction energies E. E2 
 and F' were obtained by MM calculations for each of the 
	
three situations and the solute the 	
interaction was obtained by the relation 	
E1-ErEo This 
the aqueous Phase, the interface and the organic phase. 
procedure was performed for  
DescriPtiofl of parameter 	
Equlibrium value 	
Force constant (kcal moF rad) 
added to force field 
O_2s_Ni6+2 bond length 	
2.05 A 	
700 
Table 5.17 DescI iption of terms 	
to the energy expression by Dr Andy Parkin. 
Dr And 
We intended to use the parameters developed by 
	
y Parkin in COflJUflCt1Ofl with 
a methodology (Figure 5.25) originally developed by Prof. i-iitoshi Watarai of Osaka 
University for calculating so
lute5Ol vent interactionS in order to study the distribution 
of the surfactants across an interface. 22 
as originallY intended for surfactants which would become 
The  methodology w  d so the calculations were originally 
concentrated at the organ caqueou5 interface an  
performed for the bulk organic and aqueous phases and for the interface. it was 
believed that as the stability of the 
[NI(7)S041 
complex in bulk aqueous and organic 
solution was of interest then the calculation at the interface would be unnecessary so 
only Ca
lculatio
nsfor the aqueous and organic phases were performed. The two 
models systems that were used in our work are 
shown in Figure 5.26. Calculations 
were performed on a Silicon Graphics 02 
using version 3.5 and the CeriuS2  
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modified 2  Universal Force Field. Non bonded interactions where truncated over the 
interval 8.5 to 9 A using a spline function. Each system contained 117 chloroform 
and 500 water molecules. Charges were assigned using 24 the charge equilibration 
module in Cerius2. Initially the energy of the system was minimised for 5000 steps to 
remove atomic overlap. Following this a 100 Ps molecular dynamics run was carried 
out under NVF (constant volume and temperature) conditions using 25 the Berendsen 
thermostat to control the temperature. After this a calculation sphere was defined 
(Figure 5.25) to include any molecule within 9 A of the centre of mass of the 
[Ni(7)SO4] moiety. When any atom of a molecule was inside the sphere the entire 
molecule was included in the sphere. The coordinates outside the sphere were fixed. 
The energy of molecules lying inside the sphere was minimised and the energy was 
calculated to give E1. As interactions acting on fixed atoms were excluded from the 
energy expression E 1  included the energies for all of the interaction acting on 
molecules within the calculation sphere. Then E 2, which referred to the interactions 
between molecules outside the calculation sphere and those inside it and between 
mobile solvent atoms inside the calculation sphere, was calculated by removing the 
[Ni(7)SO4] moiety from the two-phase system and calculating the energy without 
altering any of the atom positions. Finally E 0 ' was calculated by putting the 
FN1(7)S041 moiety in a vacuum and calculating the energy. The energy for the 
interactions between the solvent molecules within the calculation sphere and the 
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Figure 5.26 The models used in our simulations. Chloroform and water molecules are depicted as 
cylinders while the [Ni(6) SOIJ moiety is shown as van der Waals radii spheres. In (A) the 
complex is in the organic phase, chloroform, in (B) it is in the aqueous phase. 
The difference between the energy of the interaction of the water and the chloroform 
with the [NI(6)SO4] complex is of the order of 700 kcal moE' suggesting that this 
complex would be more stable dissolved in water than in chioroforni Our 
methodology has a number of limitations: firstly, that 100 ps is really too short to 
achieve equilibration, and secondly that charge equilibration could not be used during 
the molecular dynamics simulation as the automatic calculation of charges for the 
sulfate anion and the [Ni(6)] complex was unsatisfactory. Very little change in the 
conformation of the pendant amine arms was observed during the simulation. This is 
largely predictable as in order for the conformation to change the bulky piperidine 
groups have to be moved through the solvent and the change in conformation will 
occur very slowly in a molecular dynamics simulation. However, an interesting 
starting point for future work would be to prepare nickel sulfate complexes of a series 
of candidate metal salt transport reagents related to (6) or (7) and measure the 
partition coefficient for each of these using water and kerosene and compare this with 
the calculated AE 1  obtained from the MM/MD calculations. Another interesting 
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avenue of approach is to use molecular dynamics simulations of extractant complexes 
to evaluate how well the pendant amine groups are able to "shield" the sulfate anion 
from water. 
A limitation of UFF is that it was not intended for prediction of bulk properties and so 
reproduction of intermolecular interactions may not be particularly accurate. The 
study of aqueous metal salt extractants presents a very strong argument for the 
development of a force field that is able firstly to represent the molecular structure of 
the complexes of interest and secondly to be able to represent the interaction between 
the complex and the water and kerosene solvents. 
5.4 Conclusions 
It has been found that while the sexadentate and bis tridentate ligands extracted 
nickel(II) poorly, nickel chloride was extracted in preference to nickel sulfate.' This 
is consistent with the orientation of the piperidinium groups relative to the complex 
which leaves the counter anion(s) exposed to the solvent and suggests that extraction 
efficiency will follow the Hoffmeister bias 
.6  The crystal structures determined here 
and in previous work all suggest that complexes are formed in a 1:1 ratio of 
sexadentate ligand to nickel (II) cation 
12  and that one geometric isomer of the 
octahedral complex, that suggested previously by Dwyer et al.7 , is strongly preferred. 
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Chapter 6 - Conclusions 
This thesis has demonstrated the importance of crystal structure determination and 
molecular modelling to guide the design of novel organic ligands for surface 
modification and metal salt recovery. 
In chapter 2 it was demonstrated that it is necessary to validate molecular mechanics 
force fields prior to beginning modelling work. This can be achieved by comparing 
force field predicted structures with those obtained from ab intio calculations and 
observed in the structures of related molecules in the Cambridge Structural Database. 
In chapter 3 it was shown that it was necessary to modify PCFF in order to reproduce 
the structure of fatty esters. A series of molecular dynamics calculations was carried 
out, which demonstrates the usefulness of simple, computationally inexpensive 
simulations in investigating complicated systems. The results of these simulations 
enabled a series of proposals to be made, which explained the differences between the 
friction-modifying abilities of 1-mog and 1,3-dog in terms of their structure. 
In chapter 4 the structures of a series of transition metal complexes of phenolic 
aldoxime and salicylaldiniine ligands were determined. The structure determinations 
were crucial in interpreting the unusual loading of metal chloride onto the ligand and 
enables a rationalisation of the tendency of these ligands to extract metal chlorides in 
preference to metal sulfates to be made. 
In chapter 5 ligands intended as extractants for high-spin octahedral Ni 2 were 
studied. Crystal structure determination showed that the ligands formed polymeric 
arrangements of hydrogen bonds with their attendant anions. This is not what would 
be required for selective extraction of metal sulfate which explains the selectivity for 
extraction of chloride. The structures determined in this thesis, together with those 
obtained from a review of the CSD, showed that the possibilities for isomerism in this 
type of complex were very limited. 
In appendix 3.1 (see attached CD) the limitations of the isotherm technique when 
faced with ligand systems without features that lend themselves to measurements of 
concentration are detailed. 
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